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SPECIAL  STUDIES  IN  ELECTROLYSIS  MITIGATION: 

3.  A  REPORT  ON  CONDITIONS  IN  SPRINGFIELD,  OHIO,  WITH 
INSULATED  FEEDER  SYSTEM  INSTALLED 


By  Burton  McCollum  and  George  H.  Ahlbom 


I.  INTRODUCTION 
A.  PREVIOUS  SURVEYS 

In  an  earlier  report1  there  was  given  a  brief  discussion  of  the 
subject  of  electrolysis  mitigation  and  a  description  of  the  negative 
feeders  which  the  Springfield  Railway  Co.  had  already  installed, 
and  recommendations  were  made  concerning  the  methods  to  be 
pursued  in  Springfield.  These  included  improvement  of  the 
Springfield  Railway  Co.'s  system  of  insulated  return  feeders,  redis- 
tribution and  addition  of  negative  copper,  one  crosstie  between 
tracks,  the  installation  of  one  cable  at  the  Ohio  Electric  Railway 
Co.'s  substation  (chart  No.  Ill,  opposite  p.  49  of  above  report), 
careful  testing  and  bonding  of  track  and  thorough  interconnection 
of  tracks  at  all  intersections  whether  of  the  same  or  different  rail- 
ways. 

The  insulated  return  feeder  system  installed  in  Springfield  was 
designed  and  built  by  the  American  Railways  Co.,  which  operates 
the  Springfield  city  railway  system.  During  a  joint  investigation 
carried  on  by  the  utilities  and  the  Bureau  of  Standards  in  Decem- 
ber, 1 91 3,  and  January,  19 14,  certain  changes  were  made,  includ- 
ing the  disconnection  of  pipe  drainage  copper  from  the  pipes  and 
its  connection  to  the  tracks  on  North  Street  as  negative  return 
feeders,  and  the  installation  of  a  cable  on  East  Main  Street  between 
Sycamore  Street  and  Belmont  Avenue.  As  pointed  out  in  a  spe- 
cial report,2  other  work  remained  to  be  done,  including  the  installa- 

1  Technologic  Paper  No.  27,  Bureau  of  Standards. 
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tion  of  pressure  wires  running  to  the  end  of  every  trolley  line  or 
the  point  where  the  line  crossed  the  city  limits,  and  a  considerable 
amount  of  track  repair  work. 

B.  REASONS  FOR  PRESENT  SURVEY 

Because  the  condition  of  the  track  was  unsatisfactory  at  the 
time  of  the  previous  survey  and  the  weather  had  interfered  with 
measurements  and  probably  affected  the  values,  more  detailed 
measurements  were  made  by  the  Bureau  in  July  and  August  of 
19 14.  It  is  the  purpose  of  this  report  to  discuss  the  results 
obtained  in  these  measurements,  to  describe  the  insulated  return 
feeder  system  as  finally  installed,  to  make  comparison  between  the 
conditions  shown  by  the  various  surveys,  to  present  certain  rec- 
ommendations regarding  the  improvement  and  maintenance  of 
the  track  network,  and  to  draw  conclusions  as  to  the  effectiveness 
of  the  mitigation  system  in  its  present  form. 

II.  DISCUSSION  OF  GENERAL  CONDITIONS  OF  THE 
VARIOUS  SYSTEMS 

Before  taking  up  the  discussion  of  the  data,  a  brief  description  of 
the  conditions  existing  in  Springfield,  Ohio,  which  affect  the  elec- 
trolysis situation  will  be  of  interest.  Springfield  is  a  city  of  varied 
manufacturing  interests,  having  a  population  of  50  000  and  a" rid- 
ing habit  of  0.55  per  inhabitant,  the  number  of  passengers  per  car 
mile  being  6  and  the  power  required  0.17  kwhrs.  per  ton  mile  on 
the  city  lines.  The  country  is  rolling,  there  being  no  very  steep 
grades  on  either  city  streets  or  interurban  right  of  way. 

A.  RAILWAY  SYSTEMS  OF  SPRINGFIELD 

Five  railway  companies  operate  within  the  city  limits  of  Spring- 
field. The  Springfield  Railway  Co.  operates  33  miles  of  single 
track  and  normally  29  cars  weighing  from  12  to  16  tons  with  an 
average  running  current  of  35  amperes  each.  The  Ohio  Electric 
Railway  Co.  operates  heavy  interurban  cars  weighing  34  to  43 
tons  and  using  an  average  current  of  300  amperes,  running  on  an 
hourly  schedule  in  three  directions  and  carried  by  the  substation 
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in  Springfield  on  a  total  of  i2>%  miles  of  line.  Freight  service, 
irregular  schedule,  is  handled  on  these  lines.  The  single-track 
mileage  within  the  city  is  1 1.6  miles.  The  power  stations  of  these 
two  lines  are  fortunately  situated,  viewed  from  the  electrolysis 
standpoint,  as  has  been  pointed  out  in  previous  reports,  since  they 
are  toward  opposite  ends  of  the  city  load  area,  and  since  the  inter- 
connection of  tracks  interchange  of  current  on  the  negative  side 
takes  place  very  effectively.  The  other  three  interurban  lines, 
the  Springfield,  Troy  &  Piqua  Railway  Co.,  the  Springfield  & 
Washington  Railway  Co.,  and  the  Springfield  &  Xenia  Railway 
Co.,  have  a  combined  length  of  5.3  miles  of  single  track,  have  no 
power  houses  within  the  city,  and  the  cars  (generally  only  one  to 
each  line  in  the  city  at  any  one  time)  run  on  an  hourly  schedule 
and  draw  an  average  current  of  about  75  amperes  per  car.  Con- 
siderable freight  service  and  motor  load,  especially  on  the  Spring- 
field, Troy  &  Piqua  line,  increase  the  load  on  these  lines. 

1.  DETAILS  OF  CONSTRUCTION 

The  tracks  are  mainly  T  rails  of  weight  varying  from  35  to  100 
pounds  per  yard,  on  wooden  ties  embedded  in  rock  ballast  or  con- 
crete, new  construction  being  mainly  90  or  100  pounds  per  yard. 
A  new  type  of  construction  already  laid  on  West  Pleasant  Street 
and  at  several  other  points  consists  of  100-pound  girder  rails,  laid 
on  steel  channels  and  I  sections  with  a  beam  of  concrete  under- 
neath the  rail.  The  joints  are  connected  by  an  electric  pencil 
weld,  and  are  also  welded  to  the  channels  at  the  joints.  This 
provides  frequent  and  effective  cross  bonding.  The  stray  current 
leakage  from  this  type  of  construction  will  probably  be  greater 
than  with  wooden  ties,  but  the  steel  ties  are  spaced  6  feet,  and  the 
drainage  from  the  concrete  beams  should  be  good.  A  small 
amount  of  track  on  private  right  of  way  is  raised  above  the  surface, 
so  that  only  the  ties  are  in  contact  with  the  earth  or  ballast. 

2.  REPAIRED  SECTIONS 

All  sections  of  track  mentioned  in  the  second  report  as  defective, 
except  on  Limestone  Street  between  McCreight  Avenue  and  Grube 
Road  and  on  High  Street  between  Belmont  Avenue  and  Burnett 
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Road  have  been  repaired.  Work  on  these  two  sections  was  in 
progress  during  this  survey,  and  the  discussion  of  the  data  will 
have  to  include  consideration  of  the  effect  of  these  sections. 
Track  repair  work  is  so  necessary  that  it  seems  undesirable  to 
delay  or  interrupt  it  on  account  of  a  survey,  and  some  track  work 
will  be  in  progress  on  a  system  of  this  size  at  all  times.  To  get 
consistent  results  there  should  be  a  minimum  number  of  discon- 
nected tracks.  In  addition  to  the  above,  new  work  and  repairs 
were  planned  or  in  progress  at  the  following  points:  East  High 
Street  from  Burnette  Road  to  the  Detroit,  Toledo  &  Ironton 
tracks;  West  Pleasant  Street  from  Yellow  Springs  Street  to 
Dayton  Road;  on  Cedar  Street  and  Broadway  to  Isabella  Street; 
Yellow  Springs  Street  from  State  Street  south;  and  on  North 
Fountain  Avenue  from  McCreight  Avenue  to  Home  Road.  These 
sections  are  shown  by  colors  on  the  accompanying  map  (Fig.  i, 
opposite  p.  io). 

B.  OTHER  UTILITIES 

The  underground  structures  consist  of  cast-iron  mains  with  lead 
joints  and  services  operated  by  the  city  water  department,  cast- 
iron  and  steel  mains  with  lead,  screw,  and  Dresser  joints,  and  steel 
or  wrought  iron  service  pipes  belonging  to  the  Springfield  Gas  Co., 
and  lead  sheath  cables  of  the  Central  Union  Telephone  Co.  and  the 
Springfield  &  Xenia  Telephone  Co. 

Gas  mains  are  laid  from  2  to  4  feet  below  the  surface,  and  the 
ratio  of  the  mileage  of  cast  iron  to  that  of  wrought  iron  and  steel  is 
about  1  to  2.  The  many  lead  joints  showing  gas  leaks  may  indi- 
cate high  resistance  joints  as  on  the  steel  mains  do  the  frequent 
Dresser  couplings,  the  location  of  which  is  very  irregular  and  uncer- 
tain. The  mains  lie  in  the  streets  rather  than  in  the  alleys,  and 
there  is  only  one  supply  main  to  each  street,  the  services  crossing 
under  the  car  tracks.  This  is  also  true  of  the  water  mains  which 
are  all  cast  iron  laid  at  a  depth  from  3  to  5  feet.  Frequent  water 
heaters  make  good  metallic  connections  between  the  gas  and  water 
systems.  No  regular  attempt  to  protect  the  surfaces  by  paints, 
other  than  the  standard  practice  by  the  manufacturers,  has  been 
made,  although  some  special  preparations  have  been  tried.     The 
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lead  sheath  cables  are  in  tile  conduit  varying  from  2  to  26  ducts 
per  run  and  the  total  amount  of  underground  run  is  14  400  feet. 
The  manholes  and  ducts  seem  to  be  generally  clear  of  water,  but 
frequent  springs  in  the  subsurface  keep  some  sections  of  earth  very 
wet  around  both  cables  and  pipes. 

III.  DESCRIPTION  OF  INSULATED  RETURN  FEEDER 

SYSTEMS 

A.  CONSTRUCTIONAL  DETAILS 

The  insulated  return  feeder  systems  are  shown  on  the  map  in 
Fig.  2,  which  shows  the  location  of  the  feeders,  their  size  and 
length,  and  the  location  and  kind  of  rail  connections.  It  will  be 
noted  from  the  map  and  table  that  two  stations  are  equipped  with 
feeders,  the  Springfield  Railway  Co.  having  the  more  extensive  sys- 
tem and  the  Ohio  Electric  Railway  Co.  substation  having  lines  in 
two  directions.  The  power  stations  of  the  three  other  interurbans 
are  situated  well  outside  the  city  limits  and  their  loads  are  too  light 
to  require  insulated  feeders.  The  map  (Fig.  2,  opposite  p.  1 1)  and 
Table  1  show  certain  feeders  not  specifically  recommended  by 
Technologic  Paper  No.  27,  as  follows:  The  No.  0000  feeder  to  Col- 
lege Avenue  and  Limestone  Street,  erected  before  the  first  survey, 
has  been  left  in  place  as  has  that  on  East  Street  from  Kenton  to 
High  Streets.  A  500  000  circular  mil  cable  was  erected  on  Main 
Street  from  Lincoln  to  Belmont  Avenues  and  connected  to  the 
Springfield  Railway  return  feeders  to  take  care  of  the  current  until 
this  track  was  relaid  and  rebonded,  it  being  planned  to  repave  this 
street  soon.  The  feeders  on  North  Street,  extending  from  the  sub- 
station to  Fountain  Avenue,  were  originally  installed  to  drain  the 
underground  pipes  of  current.  These  have  been  cut  over  to  the 
rails  as  shown.  The  feeders  are  chiefly  copper-strand  cable  with 
weatherproof  insulation  strung  on  the  same  poles  with  the  positive 
feeders. 

The  rail  taps  are  soldered  to  cross  bonds  connecting  all  rails  at 
the  point  of  connection.  In  places  where  resistance  taps  were 
necessary  -fV  inch  steel-strand  cable  was  would  around  a  wooden 
"squirrel  cage"  with  asbestos-covered  bars,  making  a  very  low- 
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cost  unit  but  with  a  large  temperature  coefficient  of  resistance.  In 
a  single  resistance  unit  at  the  Ohio  Electric  Railway  substation 
motor-starting  grids  were  used,  they  being  reassembled  in  series 
multiple  to  give  the  desired  resistance  and  these  are  dissipating 
about  2  kw  with  a  considerable  temperature  rise.  Such  a  unit  is 
very  satisfactory  for  indoor  service  and  has  a  smaller  temperature 
coefficient  than  the  steel  cable,  the  most  obvious  objection  to  the 
use  of  grids  for  outdoor  service  being  the  possibility  of  change  of 
resistance  due  to  oxidation  of  the  contacts  between  the  grids.  The 
larger  temperature  coefficient  of  the  stranded  cable  would  be  useful 
in  automatically  distributing  the  current  between  tap  points  should 
the  load  be  temporarily  concentrated  near  one  feeder  terminal. 

B.  CURRENT,  RESISTANCE,  AND  LOSSES  IN  FEEDERS 

The  conditions  under  which  the  insulated  return  feeders  are 
operating  are  of  interest  and  some  of  the  facts  are  set  forth  in  the 
tables  following.  Table  i  gives  a  name  which  distinguishes  each 
feeder,  the  location  of  each  section,  the  cross  section,  weight,  length, 
calculated  resistance,  current,  and  watts  lost,  in  the  order  given. 
The  cross  section  is  the  manufacturer's  rated  circular  mils;  the 
length  was  measured  along  the  track,  introducing  slight  discrepan- 
cies at  corners.  The  weight  is  based  on  a  value  of  3090  pounds  per 
1000  feet  of  million  circular  mils;  the  resistance  is  based  on  a  unit 
resistance  of  1 1  ohms  per  circular  mil  foot,  a  value  correct  within  1 
per  cent  at28°to32°C,  this  temperature  being  a  reasonable  mean 
annual  value  for  a  feeder  carrying  an  average  load.  The  current 
is  based  on  measurements  of  millivolt  drop  on  a  definite  length  of 
the  cable  at  the  tap  points  with  the  recording  milli voltmeters,  and 
the  power  lost  is  calculated  from  the  resistance  and  current  read- 
ings. Since  the  current  used  is  an  all-day  average  value  and  the 
losses  in  the  conductors  are  proportional  to  the  square  of  the 
effective  value  of  the  cm-rent,  a  ratio  of  1.25  between  effective  and 
average  is  applied  in  calculating  the  power  lost  in  the  cables. 

It  is  interesting  to  note  the  relative  amount  of  negative  and 
positive  copper  on  the  Springfield  Railway  system.  The  positive 
feeders  weigh  83  200  pounds  and  the  trolley  wire  82  400  pounds. 
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The  total  negative  copper  applied  for  the  purpose  of  reducing  gra- 
dients amounts  to  51  500  pounds,  excluding  the  cable  connected 
to  the  Main  and  Sycamore  feeder  installed  temporarily  by  the  Ohio 
Electric  Railway  Co.  to  take  care  of  the  East  Main  Street  track 
until  relaid.  The  weight  of  the  negative  copper  is  61  per  cent  of 
the  positive  feeders,  or  31  per  cent  of  the  total  positive  copper 
including  trolley  wire.  The  Ohio  Electric  Co.  feeder  consists  of 
one  No.  0000  cable  paralleling  all  tracks  for  the  distance  within  the 
city  limits,  about  32  200  feet  weighing  21  000  pounds,  and  the 
trolley  amounts  to  about  53  000  feet  of  No.  0000  and  5000  feet  of 
No.  000,  or  37  200  pounds,  making  the  total  positive  copper  58  200 
pounds.  The  negative  feeder  mentioned  above  on  East  Main 
Street  should  be  excluded,  but  if  the  copper  on  North  Street  is 
included,  the  negative  copper  will  weigh  16  600  pounds,  which  is 
79  per  cent  of  the  positive  feeders  and  28  per  cent  of  the  total  posi- 
tive copper.  For  both  railway  systems  the  total  negative  copper 
is  30  per  cent  of  the  total  positive. 

The  power  loss  in  the  negative  feeders,  as  seen  from  Table  1, 
amounts  to  a  total  of  1 1.0  kw,  or  264  kwhrs.  per  day,  of  which  the 
Springfield  Railway  station  supplies  216  kwhrs.  and  the  Ohio 
Electric  Railway  substation  48  kwhrs.  These  losses  are  of  greater 
interest  when  compared  with  the  losses  occurring  before  the  insu- 
lated return  feeder  system  was  installed,  which  comparison  is  made 
below. 
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TABLE  1 
Insulated  Return  Feeder  Data 

SPRINGFIELD  RAILWAY  CO. 


Feeder  and  location  of  section 

Cross- 
section 

Length 

Weight 

Resist 

Current 

Power 
loss 

Main  and  Sycamore  feeder: 

Main   Street,   Belmont   to   Lincoln 

Cir.  mils 
500  000 

635  000 

3  400  000 

846  400 

211  600 
211  600 
344  700 
768  000 

211  600 

211  600 

611  600 

500  000 

1  000  000 

400  000 
477  600 

Feet 
4200 

900 

1000 

1900 

1800 
3900 
1000 
1000 

3800 

200 

1800 

600 
5000 

1400 
2000 

Pounds 
6490 

1770 

10  500 

4970 

1180 
2550 
1060 
2370 

2480 

130 

3400 

930 

15  450 

1730 
2950 

Ohms 

0.  0924 

0. 0156 
0.  0032 
0. 0247 

0.0936 
0.203 
0.  0319 
0. 0143 

0.198 

0.0104 

0. 0324 
0.  0132 
0.055 

0.  0385 
0.  0460 

Amp. 
15.6 

49 

50 

246 

8.9 
31.3 
61.8 
115.8 

73 

18.6 
95.6 

Watts 
35.2 

Main    Street,    Lincoln    Avenue    to 

58.5 

Sycamore    Street,    Main    to    High 
Street 

12.7 

Sycamore  Street,  Main  to  Warder 
Street 

2340 

Lagonda  Avenue  feeder: 

James  Street,  Columbus  to  Lagonda 

11.6 

Lagonda  Avenue,  James  to  Nelson 
Street 

310 

Lagonda  Avenue,  Nelson  to  Warder 
Street 

190 

Warder  Street,  Lagonda  Avenue  to 

300 

College  Avenue  feeder : 

Power  house  to  College  Avenue  and 

1650 

Main  and  Limestone  feeder: 

Limestone  Street,  Clifton  to  Clark 

56.2 

Limestone  Street,  Clifton  to  Main 
Street      

652 

190.6 

64 
15.2 

3120 

Columbia  and  Sycamore  feeder: 

Sycamore     Street,     Columbia     to 
Warder  Street 

246 

East  Street  feeder:  • 

East  Street,  High  to  Kenton  Street. . . 

16.6 

Total                               

57  960 

8998. 8 

OHIO  ELECTRIC  RAILWAY  CO. 


Main  and  Zischler  feeder: 

Zischler  Street,  Main  to  North  Street. 

300  000 

800 

742 

0. 0294 

71 

232 

North  Street  feeder: 

North  Street,  Fountain  to  Witten- 

211  600 

500 

330 

0. 0260 

37.9 

108 

300  000 

600 

560 

0.  0220 

300  000 

1100 

1020 

0.  0403 

101 

1670 

North  Street,  Wittenberg  Avenue  to 

500  000 

300 

460 

0.  0066 

800  000 
1  000  000 

2200 
2600 

5440 
8040 

0.  0302 
0.  0286 

Total                                      

16592 

2010 
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C.  RESISTANCE  TAPS 


It  might  be  well  to  show  some  details  of  the  resistance  grids. 
All  are  on  the  squirrel-cage  supports  with  the  exception  of  No.  3, 
as  pointed  out  in  Table  2,  at  Main  and  Sycamore  Streets,  No.  8  at 
North  Street  and  Wittenberg  Avenue,  and  the  last  at  the  Ohio 
Electric  Railway  substation;  and  two  of  these  three  are  dissipating 
more  energy  than  any  of  the  others.  That  at  Main  and  Sycamore 
Streets  is  drawn  in  a  horizontal  loop,  which  is  probably  the  best  posi- 
tion for  the  rapid  radiation  of  heat,  while  the  last  is  made  up  of 
grids  which  will  withstand  a  very  high  temperature.  The  resist- 
ances vary  from  0.02  to  0.3  ohm,  and  the  potential  drops  across 
them  vary  from  3  to  12  volts. 

TABLE  2 
Insulated  Return  Resistance  Taps 


Location 

Description 

Resist- 
ance 

Cur- 
rent 

Poten- 
tial 

Power 
loss 

Ohms 

Amp. 

Volts 

Watts 

Main  and  Limestone  Streets 

10  double  turns  of  ^-inch  steel 
strand. 

0. 0278 

95 

2.6 

390 

Main  Street  and  Lincoln  Avenue. . . 

18  turns  of  -fVinch  steel  strand 

0.109 

33.4 

3.6 

190 

Main  and  Sycamore  Streets 

Loop  41  feet  6  inches,  double  A- 
inch  steel  strand. 

0.  0385 

147 

5.7 

1300 

Columbia  and  Sycamore  Streets 

25  turns  fVinch  single  steel  strand. 

0.147 

64 

9.4 

940 

Warder  Street  and  Lagonda  Avenue 

31.5  turns,  A-inch  steel  strand 

0.182 

54 

9.8 

830 

Nelson  Street  and  Lagonda  Avenue. 

38.5  turns  of  200  mil.  (solid)  iron.. 

0.303 

30.5 

9.2 

440 

0.  0925 

71 

6.6 

730 

steel  strand  7,  No.  12s. 

North  Street  and  Wittenberg  Ave- 

Loop 12  feet  10  inches,  A-tnch  steel 

0. 0193 

56 

1.08 

95 

nue. 

strand. 

Grids 

0.044 

150 

6.6 

1550 

D.  OPERATING  COSTS  WITHOUT  RETURN  FEEDER  SYSTEMS 

In  considering  any  system  of  electrolysis  mitigation  it  is  neces- 
sary to  consider  not  alone  the  electrolysis  conditions  that  are 
brought  about  by  the  installation,  but  it  is  important  also  to  take 
into  account  the  cost  of  securing  the  improved  conditions.  In  the 
present  case  this  cost  is  affected  by  two  factors,  namely,  the  proper 
charge  to  be  made  against  the  insulated  feeders  installed  and  the 
change  in  the  power  losses  caused  by  changing  from  the  original 
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conditions  of  operation  to  the  present  system.  We,  accordingly, 
give  below  some  estimates  of  the  power  losses  and  feeder  costs 
that  would  exist  without  the  insulated  feeder  systems  installed, 
and  compare  these  with  the  losses  and  feeder  costs  under  the 
existing  installation.  The  figures  on  which  these  estimates  are 
based  are  shown  in  tables. 

In  order  to  calculate  the  losses  under  either  system  of  distri- 
bution it  is  necessary  first  to  determine  the  distribution  of  load  in 
the  different  sections  of  the  railway  tracks.  In  order  to  do  this 
we  have  taken  the  complete  car  schedules  as  furnished  by  all  of 
the  railway  companies  operating  in  Springfield  and  for  each  in- 
dependent car  routing  we  have  taken  the  total  number  of  cars 
operating  on  that  particular  routing  and  divided  this  by  the 
length  of  the  routing  in  thousands  of  feet.  This  gives  the  number 
of  cars  per  thousand  feet  of  track  due  to  this  particular  line.  The 
number  of  cars  in  each  section  of  track  between  intersections  or 
branches  is  then  determined  by  multiplying  the  number  of  cars 
per  thousand  feet  by  the  length  of  each  section.  This  gives  the 
number  of  cars  in  each  section  in  question  due  to  one  line  of  cars 
only.  Similar  calculations  are  made  for  all  car  lines  running 
over  each  section  and  by  summing  these  up  we  get  the  total  average 
number  of  cars  in  the  section  under  consideration.  Multiplying 
this  number  by  the  average  number  of  amperes  consumed  per  car 
gives  the  number  of  amperes  originating  in  each  section  of  track. 
Then  by  a  careful  analysis  of  the  track  network  the  approximate 
distribution  of  the  current  flowing  from  outlying  sections  into  the 
sections  near  the  power  house  can  be  determined,  and  in  this  way 
the  actual  current  flowing  in  any  particular  portion  of  the  track 
network  can  be  estimated  with  sufficient  accuracy  for  present 
purposes.  Knowing  the  approximate  value  of  the  current  in  any 
section  of  track  and  the  size  and  weight  of  the  rails,  the  energy 
loss  is  readily  calculated.  An  examination  of  the  load  curve  in 
Fig.  5  shows  that  the  total  average  load  on  the  Springfield  Rail- 
way system  is  725  amperes,  or  25  amperes  per  car  for  the  29  cars 
in  normal  operation,  and  this  figure  has  been  used  throughout  in 
calculating  the  energy  losses.  The  data  used  as  the  basis  of  these 
calculations  are  shown  in  Table  3,  which  table  gives  the  current 
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flow  in  each  section  of  the  track,  the  length  of  the  section,  the 
number  and  weight  of  rails,  the  calculated  resistance  of  the  track, 
and  the  calculated  power  loss.  The  resistance  of  the  track  is 
calculated  on  the  basis  of  a  resistivity  of  0.00033  ohm  per  pound 
foot,  which  allows  10  per  cent  for  joint  resistance.  In  calculating 
the  power  losses  under  the  old  system  of  distribution  the  current 
on  each  railway  system  is  assumed  to  be  confined  to  the  tracks  of 
that  particular  railway  company's  tracks,  no  allowance  being 
made  for  leakage  or  interconnection  of  the  tracks. 

The  reason  why  no  allowance  is  made  for  interchange  of  current 
due  to  the  interconnection  of  tracks  is  that,  prior  to  the  instal- 
lation of  the  present  insulated  feeder  system  it  was  planned  to 
insulate  the  tracks  of  the  Ohio  Electric  and  Springfield  Railway 
lines  at  intersections,  and  this  had  actually  been  done  in  at  least 
one  instance.  This  means  that  all  current  supplied  to  the  Spring- 
field Railway  cars  from  the  west,  north,  and  south,  and  even  a 
portion  of  East  High  Street,  must  return  by  way  of  East  Main 
Street  from  Limestone  to  Sycamore  Streets,  and  it  is  here  that  the 
greatest  loss  occurs.  Table  3  giving  the  data  on  which  the  calcu- 
lations are  based  is  self-explanatory,  and  from  an  examination  of 
this  table  it  will  be  seen  that  the  total  losses  on  the  Springfield 
Railway  line  within  the  district  under  consideration  amount  to 
about  15.5  kw.  It  will  be  seen  that  the  track  sections  included 
in  this  calculation  embrace  only  those  lying  between  the  power 
house  and  the  extreme  ends  of  the  various  feeder  lines.  The 
reason  for  this  is  that  we  are  interested  only  in  the  changes  of 
power  losses  and  it  will  be  evident  that  the  current  flow,  and  con- 
sequently the  power  losses  in  the  track  sections  lying  beyond  the 
ends  of  the  feeders,  will  not  be  materially  changed,  and  can  there- 
fore be  neglected  in  making  a  comparison  of  the  losses  under  the 
two  systems. 
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TABLE  3 
Power  Losses  Uninsulated  Return 

SPRINGFIELD  RAILWAY  CO. 


Location  of  section 

Length 

Weight 
of  rail 

Resist- 
ance 

Cur- 
rent 

Power 

From — 

To— 

loss 

Feet 

Lbs.  yds. 

Ohms 

Amp. 

Watts 

Clark  and  Limestone  Streets . . 

Limestone  and  High  Streets. . . 

2200 

4-60 

0.  0091 

175 

437 

Main  and  Sycamore  Streets . . . 

Sycamore  and  Warder  Streets. 

1800 

2-60 

0.  0149 

450 

4720 

Lagonda  Avenue  and  Warder 

Sycamore  and  Warder  Streets. 

800 

2-60 

0.  0066 

275 

781 

Street. 

College  Avenue  and  Limestone 

Limestone  and  Main  Streets  . . 

2600 

4-60 

0.011 

100 

172 

Street. 

Limestone  and  Main  Streets  . . 

Main  and  Sycamore  Streets  . . . 

3100 

4-60 

0.013 

650 

8580 

Lagonda  Avenue  and  James 

Lagonda  Avenue  and  Warder 

4900 

4-60 

0.020 

50 

78 

Street. 

Street. 

Columbus  Avenue  and  James 

High  Street  and  Belmont  Ave- 

4000 

2-60 

0.033 

25 

32.3 

Street. 

nue. 

High  Street  and  Belmont  Ave- 

High  and  Limestone  Streets. . . 

8000 

4-60 

0.033 

75 

290 

Kenton  and  East  Streets 

Clifton  and  Limestone  Streets  . 

4300 

4-60 

0.018 

25 

17.6 

Main  and  Zischler  Streets 

Main  and  Limestone  Streets  . . 

J    5500 
1    2100 

4-60 
2-60 

[0. 040 

75 

351 

Limestone  and  High  Streets... 

Limestone  and  Main  Streets  . . 

500 

4-90 

0.  0014 

200 

87.5 

Total 

15  546 

OHIO  ELECTRIC  RAILWAY  CO. 


Belmont  Avenue  and  Main 

Street. 
Lincoln    Avenue    and    Main 

Street. 
Columbia      and      Sycamore 

Streets. 

Fountain  Avenue  and  North 
Street. 

Lincoln    Avenue    and    Main 

Street. 
Columbia      and      Sycamore 

Streets. 
Fountain  Avenue  and  North 

Street. 

North  and  Zischler  Streets 

4200 

1400 

3800 

|    5900 
1    1500 

4-71 

2-71 

4-90 

4-90 
4-71 

0.  0146 
0. 0098 
0.010 

jo.  021 

130 
130 
130 

213 

386 
259 
264 

1495 

Total 

2404 

17  950 

On  the  Ohio  Electric  Railway  lines  the  losses  on  Bast  Main  and 
Columbia  Streets  are  included,  since  there  will  be  no  interchange 
such  as  occurs  with  interconnections.  The  total  current  on  the 
substation  is  300  amperes  and  this  is  proportioned  between  the 
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lines  on  the  basis  of  schedule  and  feeding  distances,  which  indi- 
cates 130  amperes  from  the  east  and  83  from  the  north.  The 
average  loss  is  2400  watts,  or  57.6  kwhrs.  daily. 

E.  OPERATING  COSTS  WITH  RETURN  FEEDER  SYSTEMS 

The  losses  within  the  same  limits  as  those  included  in  the  fore- 
going calculations  were  determined  by  actual  measurement  under 
the  insulated  return  feeder  system.  This  was  done  by  measuring 
the  drop  of  potential  between  the  negative  bus  and  the  various 
tap  points  by  means  of  telephone  lines.  These  potential  drops 
varied  between  15  and  13.2  volts,  the  average  being  13.88  volts. 
Using  the  same  ratio  of  effective  to  average  current,  namely,  1.25 
and  taking  the  average  value  of  current  for  the  Springfiejd  Rail- 
way lines  to  be  725  amperes  as  before,  we  find  the  average  loss  to 
be  15  700  watts,  or  377  kwhrs.,  daily  as  compared  with  373  kwhrs. 
with  the  uninsulated  return,  an  increase  of  4  kwhrs.  per  day. 

Following  the  same  method  on  the  Ohio  Electric  Railway  the 
average  current  is  300  amperes  and  the  average  potential  drop 
6.63  volts.  The  watts  lost  are  3100,  or  74.4  kwhrs.  per  day,  as 
compared  with  57.6  kwhrs.  with  the  uninsulated  return,  giving 
an  increase  of  16.8  kwhrs.  Thus,  the  total  loss  is  greater  by  20.8 
kwhrs.  with  insulated  return  feeder  system  or  a  cost  of  20.8  cents 
a  day  on  the  basis  of  1  cent  per  kwlir.,  or  $75.90  annually.  This 
discussion  on  losses  is  summarized  in  Table  4. 

F.  ANNUAL  CHARGES  ON  INSULATED  NEGATIVE  FEEDERS 

The  investment  in  negative  copper  must  be  charged  against 
this  insulated  feeder  system.  As  shown  by  Table  1 ,  the  weight  of 
negative  copper  on  the  Springfield  Railway  lines  is  51  500  pounds, 
and  on  the  Ohio  Electric  Railway  23  000  pounds,  the  totals  in 
the  table  differing  because  the  weight  of  the  East  Main  Street 
cable  has  been  shifted  to  the  Ohio  Electric.  Figuring  the  value 
of  copper  erected  at  25  cents  a  pound  this  represents  a  value 
of  $18  600,  and  taking  the  annual  charges  as  interest  5  per  cent, 
taxes  1  per  cent,  and  depreciation  2  per  cent,  we  get  an  annual 
charge  of  $1490  paid  by  the  two  railways  for  negative  copper. 
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TABLE  4 
Power  Losses — Insulated  Return  Feeder  Systems 

Springfield  Railway  Co.: 

Average  station  current,  725  amperes 

Average  voltage  drop  on  feeders,  13.88  volts 

Effective  value  of  current  or  voltage=averageX1.25 

725X13.88X1.56=15  700  watts 

15  700X24=377  kwhrs.  daily 

377X365=137  600X0.01  kwhr.=  $1376  annual  cost 
Ohio  Electric  Railway  Co.: 

Average  station  current,  300  amperes 

Average  voltage  drop  on  feeders,  6.63  volts 

300X6.63X1.56=3103  watts 

3103X24=74.4  kwhrs.  daily 

74.4X365X0.01=5271.50  annual  cost 
Total,  377+74.4=451.4  kwhrs.  daily 

Power  losses  in  same  district  without  insulated  feeders  430.6  kwhrs.  per  day 
Difference  in  power  losses: 

451.4—430.6=20.8  kwhrs.  per  day 

20.8X0.01X365=  $75.90  annual  cost  of  increase  in  power  lost  due  to  insulated  return  feeders 

The  annual  charge  rate  on  the  pressure  wire  system  would  be 
somewhat  higher,  namely,  10  per  cent,  and  10  per  cent  on  $1080 
equals  $108. 

Totaling  the  charges,  we  see  that  the  reduction  of  potential 
difference  is  costing  the  railways  $1670  annually.  This  will  be 
reduced  by  10  per  cent  due  to  the  saving  in  copper  when  the  East 
Main  Street  feeder  is  no  longer  necessary  because  of  track  rehabili- 
tation. The  removal  of  this  feeder  will  not  only  obviate  the  loss 
in  this  cable,  but  will  make  possible  the  readjustment  of  the 
resistance  taps,  which  will  reduce  the  losses  therein  considerably, 
and  when  these  changes  are  made  the  power  loss  under  the  insulated 
feeder  system  will  be  somewhat  less  than  before  this  system  was 
installed.  It  is  estimated  that  after  these  changes  are  made  the 
annual  cost  chargeable  to  the  insulated  feeder  system  will  be 
about  $1500. 

The  track  maintenance  cost  will  be  somewhat  higher  if  the 
bonding  is  kept  in  the  condition  recommended,  especially  during 
the  next  few  years,  but  the  track  depreciation  will  be  less  as  a 
result  and  the  riding  qualities  will  be  better,  due  to  improved 
joints.  The  car  operation  and  lighting  will  be  improved  by  a 
more  constant  voltage  over  the  track  network. 

The  cost  of  the  return  feeders  is  considerably  greater  than 
advised  in  the  first  report  in  Technologic  Paper,  No.  27,  due  to 
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several  circumstances.  In  the  first  place,  the  load  is  larger,  the 
load  on  the  Springfield  Railway  system  being  now  725  amperes 
for  the  all-day  average,  as  against  600  amperes  at  the  time  the 
first  estimates  were  made.  In  the  second  place  the  feeder  already 
in  place  running  from  the  Springfield  Railway  Co.'s  power  plant 
to  College  Avenue  and  Limestone  Street  was  allowed  to  remain. 
Also  the  cable  mentioned  above,  running  from  the  Ohio  Electric 
Railway  substation  to  North  Street  and  Fountain  Avenue,  which 
had  previously  been  used  as  a  pipe  drainage  cable,  was  left  in 
place  and  converted  to  a  track  feeder,  thus  further  improving 
electrolysis  conditions.  In  addition  to  these  changes,  the  bad 
track  conditions  which  were  found  on  Bast  Main  Street  and  which 
were  not  immediately  remedied  on  account  of  plans  for  street 
paving,  as  explained  elsewhere  in  this  report,  made  it  necessary  to 
run  a  temporary  feeder  along  this  street,  thereby  considerably 
increasing  the  apparent  cost.  Notwithstanding  these  increases, 
however,  the  present  annual  operating  cost  is  below  that  existing 
at  the  time  of  the  first  report.  The  power  losses  on  the  insulated 
return  installed  at  that  time  are  shown  to  be  valued  at  $3817 
while  the  interest  on  copper  was  $420,  giving  a  total  of  $4237 
annually  for  the  Springfield  Railway  alone  as  compared  with 
$1648  for  all  the  present  power  losses,  and  $1600  investment 
charges.  The  present  annual  cost  is  then  $3248,  leaving  a  balance 
of  $969  in  favor  of  the  present  system,  and  this  saving  will  be 
increased  by  the  removal  of  copper  as  pointed  out  above. 

IV.  PRESSURE  WIRE  SYSTEM 

The  pressure  wires  were  recommended  in  order  to  determine 
the  electrolysis  conditions  conveniently  and  thus  show  whether 
the  insulated  feeder  system  and  track  return  is  being  properly 
maintained. 

A.  LOCATION  OF  PRESSURE  WIRES 

These  wires  radiate  from  three  centers  and  each  is  connected 
to  the  track  at  the  extreme  end  or  at  the  city  limits  if  the  track 
extends  beyond.  There  are  11  wires  running  from  the  Spring- 
field Railway  Co.'s  power  house  at  Warder  and  Sycamore  Streets. 
The  reference  point  is  at  Main  and  Sycamore  Streets,  which  is  the 
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point  of  lowest  potential,  as  explained  below.  The  outlying 
points  are  enumerated  in  Table  6,  giving  the  pressure  wire  resist- 
ance. The  over-all  potentials  are  shown  in  Tables  13  and  14  and 
shown  on  the  map  in  Fig.  12  (opposite  p.  41).  The  Ohio  Electric 
Co.  has  four  pressure  wires  extending  from  the  waiting  station  at 
Columbia  Street  and  Fountain  Avenue  to  the  tracks  at  North  and 
Zischler  Streets  and  to  the  city  limits  on  the  east,  north,  and 
west.  The  reference  point  of  other  interurban  lines  is  at  their 
waiting  station  at  Washington  Street  and  Fountain  Avenue, 
and  the  other  wires  extend  from  this  station  to  the  track  inter- 
section with  the  corporation  line. 

B.  CONSTRUCTION  OF  PRESSURE  WIRE  SYSTEM 

There  are  three  switchboards  bearing  the  terminals  of  the 
pressure  wires  leading  from  the  tracks.  That  at  the  Springfield 
Railway  Co.  station  is  a  panel  on  the  main  switchboard,  while 
those  in  the  two  waiting  stations  are  lighter  and  less  expensive. 
The  essential  features  are  binding  posts  to  which  a  meter  can  be 
connected  conveniently  and  labels  indicating  the  terminating 
points  of  the  wires. 

The  permanent  pressure  wires  consist  of  12  B.  W.  G.  single- 
strand  iron  wire  covered  with  double  or  triple  braid  weather- 
proof insulation.  The  wires  are  mounted  on  glass  or  porcelain 
insulators  on  poles,  except  where  trees  or  other  conditions  interfere , 
when  the  wires  are  suspended  from  the  trolley  spans.  The  cost 
averaged  about  $30  per  mile  and  the  total  length  is  about  36 
miles  on  all  lines,  of  which  the  Springfield  Railway  Co.  have  22 
miles. 

V.  RESULTS  OF  MEASUREMENTS 

A.  METHODS  OF  MEASUREMENT 

The  readings  were  taken  chiefly  with  five  Bristol  smoked  chart 
millivolt  meters  each  having  5-0-5  millivolt  scale,  a  resistance  of 
about  2.5  ohms,  corresponding  to  500  ohms  per  volt,  multiplying 
ranges  of  5-20-500-2000-10  000-  and  30  000  and  a  period  of  about 
30  seconds.  Typical  24-hour  and  i-hour  charts  are  reproduced 
in  Figs.  3  and  4.  The  first  chart  (Fig.  3)  is  a  24-hour  record  of  the 
millivolt  drop  on  a  length  of  copper  bus  carrying  the  total  load  of 
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Fig.  3 
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Springfield  Railway  Co.  The  width  of  the  band  on  the  record 
shows  the  difficulty  in  getting  an  accurate  average  of  each  hour 
or  quarter  hour.  In  order  to  assist  in  averaging  the  24-hour 
charts  several  i-hour  charts  were  taken  of  the  same  potential 
during  the  same  day,  one  of  which  is  reproduced  (Fig.  4,  opposite 
p.  22).  The  fine  sharp  line  of  this  record  may  be  very  closely  fol- 
lowed with  a  planimeter  and  an  accurate  average  obtained.  This 
makes  clear  one  reason  why  chiefly  i-hour  records  were  obtained, 
another  reason  also  is  the  larger  number  of  i-hour  charts  that 
can  be  made  in  a  given  time.  The  values  in  millivolts  are  obtained 
from  the  24-hour  charts  by  inspection  while  the  i-hour  charts  are 
integrated  with  a  polar  planimeter  by  means  of  which  results 
checking  to  within  1  or  2  per  cent  on  the  higher  readings  may  be 
obtained,  which  is  better  than  is  possible  by  inspection,  and  the 
integrating  process  is  also  much  faster.  Indicating  instruments 
were  used  where  momentary  simultaneous  values  were  desired 
or  where  the  sensitivity  of  the  recorders  was  not  sufficient.  For 
example,  in  taking  the  current  readings  by  the  method  of  meas- 
uring a  voltage  drop  on  a  solid  length  of  main  the  voltages  were 
universally  so  low  as  to  require  a  portable  galvanometer  to  give 
a  readable  deflection. 

The  leads  used  in  the  case  of  potential  differences  were  short 
lengths  of  wire  between  fire  hydrant  and  rail  or  other  conductors 
under  test.  For  potential  gradients,  telephone  lines  extending 
from  the  telephone  exchange  to  all  tap  points  were  used,  while  the 
permanent  pressure  wires,  consisting  of  No.  12  B.  W.  G.  iron  wire, 
served  as  leads  in  the  over-all  measurements  taken.  In  current 
readings  on  water  and  gas  mains  two  leads  were  attached  to  a 
solid  length  of  the  main  varying  from  3  to  10  feet,  and  these  were 
brought  to  the  curb  and  terminated  in  an  iron  box.  Current 
readings  on  copper  feeders  and  busses  were  made  by  using  the 
leads  with  which  the  instruments  were  calibrated. 

B.  CORRECTIONS  AND  REDUCTION  FACTORS 

Since  the  readings  were  mainly  one  hour  or  less  in  duration  and 
the  railway  load  fluctuated  widely  throughout  the  day,  it  is  neces- 
sary to  reduce  all  readings  to  some  common  bases,  two  being 
used  in  this  report,  namely,  the  maximum-hour  average  and  the 
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all-day  average.  The  all-day  average  is  the  average  of  all  values 
for  the  24-hour  period,  while  the  maximum-hour  average  is  the 
average  of  all  values  for  the  hour  of  heaviest  load.  These  two 
values  are  very  commonly  used  in  electrolysis  surveys  and  are 
given  here  to  make  easier  comparison  with  conditions  in  other 
cities.  The  use  of  the  short  time  readings,  a  few  minutes  only 
taken  at  different  hours  of  the  day,  as  a  basis  of  survey  or  com- 
parison is  not  satisfactory,  since  very  discordant  results  may  be 
obtained  by  their  use.  Load  curves  for  the  Springfield  Railway 
Co.  and  the  Ohio  Electric  Railway  Co.  are  given  in  Figs.  5  and  6,  the 
curves  being  smoothed  out  by  using  the  average  value  of  load  for 
the  hour  at  each  point.  The  all-day  average  value  is  indicated  by 
the  straight  line,  and  the  ratio  of  the  average  for  any  hour  to  the 
all-day  average  is  also  shown  by  the  dotted  curve.  It  is  by  the 
use  of  this  ratio  curve  that  readings  taken  during  any  particular 
hour  are  reduced  to  a  common  basis,  e.  g.,  the  all-day  average. 
Experience  has  shown  that  with  hour  readings  a  satisfactory  aver- 
age can  be  obtained,  but  the  fluctuation  from  moment  to  moment 
is  so  great  that  reduction  of  readings  taken  for  a  much  shorter 
period  is  not  reliable.  The  variation  in  load  in  case  of  the  Ohio 
Electric  Railway  substation  was  so  great  that  the  load  ratio  curve 
was  further  smoothed  out  by  averaging  several  hours  for  each 
point,  it  seeming  probable  that  the  fluctuations  would  not  be  re- 
peated at  exactly  the  same  time  each  day  and  this  average  would 
give  a  more  reasonable  value;  in  other  words,  a  reading  taken  at 
one  of  these  light  load  periods  but  reduced  by  a  peak  load  value 
would  show  too  low  all-day  and  maximum-hour  values,  while  the 
average  ratio  would  reduce  this  error  by  50  per  cent. 

The  resistance  of  leads  requires  another  correction  in  case  of 
over-all  potentials  and  gradients,  but  not  in  the  case  of  the  poten- 
tial difference  and  current  measurements,  because  in  the  latter 
the  resistance  of  the  circuit  is  comparable  with  that  with  which 
the  instruments  have  been  calibrated.  The  resistance  of  each 
telephone  lead  was  measured  by  a  Wheatstone  bridge  as  the  loop 
resistance,  and  since  each  lead  consisted  of  the  two  wires  of  a  pair, 
one-fourth  of  the  loop  resistance  was  the  lead  or  pressure  wire 
resistance.  The  resistance  of  each  lead  extending  from  the  tele- 
phone exchange  to  the  point  named  is  shown  in  Table  5.     Since 
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Fig.  5 
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the  permanent  pressure  wires  are  single  wires,  their  resistance 
was  calculated  from  the  length  and  specific  resistance  of  the  wires, 
and  these  values  are  shown  in  Table  6.  It  will  be  noted  that  only 
one  of  these  exceeds  ioo  ohms,  while  the  resistance  of  the  instru- 
ment is  from  6000  to  30  000  ohms.  Since  the  resistance  of  the 
pressure  wires  makes  only  a  small  percentage  correction  necessary, 
a  slight  inaccuracy  in  this  resistance  would  influence  the  result  by 
only  a  small  fraction  of  1  per  cent. 

TABLE  5 
Telephone  Pressure  Wire  Resistance 


Terminal  locations 

Resist- 
ance 

Terminal  locations 

Resist- 
ance 

Telephone  central  station  to— 

Springfield  Railway  Co.'s  negative  bus. 
Warder  Street  and  Lagonda  Avenue. . . 

Ohms 

87.0 
87.3 
43.2 
34.1 
33.5 
30.2 
52.3 
87.2 
6.6 

Telephone  central  station  to— Continued. 

Ohms 

24.9 

College  Avenue  and  Limestone  Street . 
Columbus  Avenue  and  James  Street . . 

37.1 
97.0 

Columbia  and  Sycamore  Streets 

74.2 

North  Street  and  Wittenberg  Avenue. . 
Fountain  Avenue  and  North  Street 

33.4 

14.9 

Lagonda  Avenue  and  Nelson  Street — 
James  Street  and  Lagonda  Avenue 

50.0 

Lincoln  Avenue  and  Main  Street 

Belmont  Avenue  and  Main  Street 

35.0 
50.0 

TABLE  6 
Permanent  Pressure  Wire  Resistance 

SPRINGFIELD  RAILWAY  CO. 


Terminal  locations 


Sycamore  and  Warder  Streets  to— 

McCreight  Avenue  and  St.  Paris  Pike 

Isabella  Street  at  Snyder  Park  loop 

Main  and  Sigler  Streets 

Yellow  Springs  and  State  Streets 

Spring  Grove  Park 

Kenton  and  Burt  Streets 

Belmont  and  Sheridan  Avenues 

High  Street  and  Burnette  Road 

Main  and  Sycamore  Streets 

Columbus  Avenue  and  Wheel  Street.. 
Lagonda  Avenue  and  Hilltop  Street — 


Length       Resistance 


Feet 

Ohms 

9700 

61.2 

13  500 

85.0 

14  000 

88.2 

13  400 

84.5 

16  750 

105.0 

8900 

56.1 

9600 

60.5 

10  600 

66.8 

1850 

11.7 

8650 

54.5 

10  500 

66.2 
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TABLE  6— Continued 
Permanent  Pressure  Wire  Resistance — Continued 

OHIO  ELECTRIC  RAILWAY  CO. 
Terminal  locations 


Fountain  Avenue  and  North  Street  to— 

Main  Street  and  Burnette  Road 

Limestone  Street  and  Home  Road 

Main  Street  and  Ohio  Electric  Co.  tracks 

Substation  (North  and  Zischler  Streets) 

Main  Street  and  Lagonda  Avenue 

OTHER  INTERURBANS 

Fountain  Avenue  and  Washington  Street  to — 

Waiting  station  track 

Sp.  and  Washington  at  John  Street 

Sp.  and  Xenia  at  100  feet  south  of  State  and  Miami  Streets 

Sp.  Troy  and  Piqua  at  Bechtle  Street 


0.31 
49.8 
49.8 
64.4 


C.  DESCRIPTION  OF  TABLES 


1.  POTENTIAL  DIFFERENCES 


(a)  Water  Mains  to  Rails. — Potential  difference  readings  be- 
tween pipes  and  rails  are  made  the  data  basis  of  many  reports 
and  the  magnitude  of  these  differences  has  an  important  relation 
to  the  situation  but  is  perhaps  over  emphasized,  there  being  other 
measurements  of  equal  or  even  greater  significance;  for  example, 
the  potential  gradients  in  track  or  earth,  the  over-all  potentials 
or  the  stray  currents  flowing  in  the  various  structures.  The 
potential  difference  readings  taken  in  this  survey  are  shown  in 
Table  7,  and  the  map  (Fig.  7,  opposite  p.  27).  The  table  shows 
the  hour  and  location  of  readings  in  succeeding  columns  and  fol- 
lowing this  the  average  potential  difference  for  the  entire  day 
and  for  the  maximum  hour.  The  direction  of  flow  or  the  polarity 
is  indicated  by  the  sign,  a  negative  sign  meaning  that  the  water 
main  is  negative  to  the  rails.  Columns  showing  the  processes  of 
reduction  from  the  recorder  chart  area  as  obtained  by  the  plani- 
meter,  the  range  of  the  instrument,  and  the  load  ratios  are  omitted 
in  this  and  succeeding  tables  as  incidental  and  confusing.  The 
map  shows  the  location  of  the  railways  and  presents  the  figures 
for  this  last  survey  in  red,  the  average  value  for  the  maximum 
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hour  being  given,  and  that  the  reader  may  get  a  vivid  picture  of 
the  value  and  polarity  they  are  indicated  by  colored  areas,  the 
red  indicating  pipe  positive  to  rail  and  green  pipe  negative  to 
rail,  the  magnitude  being  shown  by  the  figures. 

It  will  be  noted  that  the  readings  are  scattered  over  the  entire 
railway  area  and  the  region  in  which  the  pipes  are  negative  to 
rail  covers  a  greater  per  cent  of  the  territory  than  that  in  which 
the  pipes  are  positive  to  rail,  and  the  values  of  potential  difference 
are  larger  in  the  negative  area.  From  Table  7  it  will  be  seen  that 
with  two  exceptions  all  positive  values,  reduced  to  the  hour  of 
peak  load,  are  less  than  1  volt.  Of  these  two  readings  the  highest 
value  of  1 . 1 7  volts  is  found  at  Isabella  and  North  Streets  and  the 
other  of  1 .05  volts  is  at  Main  and  Zischler  Streets.  All  the  higher 
positive  values  are  near  the  Ohio  Electric  Railway  substation, 
several  exceeding  one-half  volt  for  the  all-day  average,  but  none 
reaching  1  volt.  It  should  be  noted  that  the  momentary  swings 
of  potential  are  much  larger  than  the  average  values  and  these 
are  sometimes  stated,  giving  an  inaccurate  impression  of  the 
situation.  It  is  encouraging  to  note  that  all  negative  values  are 
also  low,  the  largest  value  noted  being  — 1.75  volts  at  Limestone 
Street  and  Leffel  Lane  where,  as  already  mentioned,  the  track 
had  not  been  completely  repaired. 

TABLE  7 

Potential  Differences — Water  Mains  to  Rails 

[One-hour  charts.    These  data  were  obtained  in  July  and  August,  1914] 


Hour 


Location 


Potential  difference, 
volts 

All -day 

Max.-hr. 

-0.39 

-0.72 

0.008 

0.015 

0.14 

0.26 

0.095 

0.18 

0.24 

0.43 

0.088 

0.16 

0.49 

0.89 

0.69 

1.17 

0.57 

1.05 

-0.37 

-0.68 

-0.28 

-0.39 

-0.  047 

-0. 087 

11.32  a.  m. 

2.25  p.  m. 
12.00  m. 
11.38  a.  m. 

9.34  a.  rn. 

9.09  a.  m. 
10.55  a.  m. 

9.16  a.  m. 

9.14  a.  m. 
11.27  a.  m. 
11.17  a.  m. 
10.50  a.  m. 


End  of  Lagonda  line 

Sycamore  and  Warder  Streets 

Lagonda  Avenue  and  Nelson  Street. . 
Lagonda  Avenue  and  Water  Street. . . 

Columbia  and  Sycamore  Streets 

Main  and  Limestone  Streets 

Main  and  Sigler  Streets 

North  and  Isabella  Streets 

Main  and  Zischler  Streets 

Plum  Street  and  McCreight  Avenue. 

College  and  Wittenberg  Avenues 

College  Avenue  and  Limestone  Street 
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Potential  Differences— Water  Mains  to  Rails— Continued 
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Hour 

9.35  a. 

m. 

10.00  a. 

m. 

10.15  a. 

m. 

1.27  p. 

ra. 

2.00  p. 

m. 

1.40  p. 

m. 

1.50  p. 

m. 

2.20  p. 

m. 

2.50  p. 

m. 

3.06  p. 

m. 

3.18  p. 

m. 

3.33  p. 

m. 

5.35  p. 

m. 

5.15  p. 

m. 

4.05  p. 

m. 

3.35  p. 

m. 

3.45  p. 

m. 

3.10  p. 

m. 

2.35  p. 

m. 

2.18  p. 

m. 

12.51  p. 

m. 

12.40  p. 

m. 

12.40  p. 

m. 

12.15  p. 

m. 

11.25  a. 

m. 

10.50  a. 

m. 

10.40  a. 

m. 

9.39  a. 

m. 

9.27  a. 

m. 

9.05  a. 

m. 

9.15  a. 

m. 

10.20  a. 

m. 

8.35  a. 

m. 

9.50  a. 

m. 

10.40  a. 

m. 

10.55  a. 

m. 

8.10  a. 

m. 

1.20  p. 

m. 

11.05  a. 

m. 

2.36  p. 

m. 

11.32  a. 

m. 

10.12  a. 

m. 

10.06  a. 

m. 

2.00  p. 

m. 

11.30  a. 

m. 

12.09  p. 

m. 

Location 


Fountain  Avenue  and  North  Street 

McCreight  Avenue,  500  feet  East  of  Limestone  Street 

Grube  Road  and  Limestone  Street 

Main  Street  and  Wittenberg  Avenue 

Columbia  and  Foster  Streets 

Limestone  and  Main  Streets 

Foster  and  Main  Streets 

High  and  Perm  Streets 

Main  and  Murray  Streets 

Columbia  and  Murray  Streets 

Foster  and  High  Streets 

Freeman  and  Main  Streets 

Henry  Street  and  Lagonda  Avenue 

Belmont  and  Columbus  Avenues 

Clark  and  Limestone  Streets 

Plum  and  State  Streets 

Mulberry  Street  and  Wittenberg  Avenue 

Euclid  Avenue  and  Yellow  Springs  Street 

Pleasant  and  Yellow  Springs  Streets 

Hughes  and  Sigler  Streets 

Jackson  and  North  Streets 

North  and  Race  Streets 

Main  Street  and  Western  Avenue 

Light  and  Main  Streets 

Main  and  Plum  Streets 

High  and  Sycamore  Streets 

Glenn  and  High  Streets 

Burnett  Road  and  Main  Street 

Belmont  Avenue  and  Main  Street 

High  Street  and  Ludlow  Avenue 

Florence  and  Main  Streets 

Limestone  Street  and  Park  wood  Avenue 

East  and  Summer  Streets 

Clifton  Avenue  and  Rice  Street 

Clifton  and  Johnson  Avenues 

Clifton  and  Lansdown  Avenues 

Main  and  Sycamore  Streets 

State  and  Miami  Streets 

Columbia  Street  and  Lagonda  Avenue 

Limestone  and  John  Streets 

Burt  and  Kenton  Streets 

Oak  and  Clifton  Streets 

Clifton  and  East  Streets 

Limestone  Street  and  Leffel  Lane 

Grant  and  Yellow  Springs  Streets 

West  Main  Street  and  Ohio  Electric  tracks 


Potential  difference, 
volts 


All-day    Max.-hr. 


0.089 

0.15 

-0.34 

-C.  63 

-1.57 

-2.7 

-0.12 

-0.22 

0.13 

0.25 

0.092 

0.17 

0.14 

0.25 

0.35 

0.64 

0.103 

0.19 

0.13 

0.24 

0.023 

0.04 

0.15 

0.27 

-0.18 

-0.33 

-0.08 

-0.14 

-0.12 

-0.22 

0.11 

0.19 

-0.30 

-0.55 

-0.28 

-0.52 

-0.3 

-0.55 

0.39 

0.72 

0.38 

0.65 

0.28 

0.47 

0.38 

0.70 

0.21 

0.38 

0.07 

0.13 

0.23 

0.43 

-0.10 

-0.19 

-0.8 

-1.35 

-0.50 

-0.92 

-0.08 

-0.14 

-0.43 

-0.88 

0.04 

0.07 

-0.41 

-0.75 

-0.61 

-1.12 

-0.48 

-0.88 

-0.59 

-1.10 

0.38 

0.70 

0.35 

0.50 

0.27 

0.50 

-0.46 

-0.84 

-0.72 

-1.32 

-0.68 

-1.25 

-0.46 

-0.84 

-1.38 

-1.75 

0.55 

0.75 

0.49 

0.83 
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The  effect  of  track  bonding  is  well  shown  on  the  two  charts  of 
potential  difference,  Figs.  8  and  9.  As  seen  by  the  first  chart 
(Fig.  8,  opposite  p.  30),  the  reading  was  taken  at  Burt  and  Kenton 
Streets  on  July  23,  1914,  at  9  a.  m.,  and  the  range  was  2000  or 
multiplied  by  the  primary  range  of  the  instrument  equals  10  volts. 
The  instrument  swung  off  scale  several  times  and  the  average  for 
the  hour  is  over  3  volts,  the  pipe  being  negative  to  the  rail.  The 
track  was  evidently  in  bad  condition,  and  the  track  on  this  line, 
including  Kenton,  Oak,  and  Clifton  Streets,  was  tested  and  repaired, 
and  when  the  chart  (Fig.  9,  opposite  p.  30),  dated  August  6,  1914, 
at  11.32  a.  m.,  was  taken,  using  the  same  instrument  range,  it  will 
be  noted  that  none  of  the  swings  reach  3  volts  and  the  average  is 
less  than  1  volt.  Reduced  to  all-day  average  the  preceding  value 
is  —2.4  volts  and  the  succeeding  value  —0.72  volts.  This  empha- 
sizes the  importance  of  track  maintenance.  Similar  conditions 
still  exist  at  several  points  in  Springfield  where  larger  negative 
values  may  be  observed  and  these  of  course  increase  the  positive 
values  in  the  territory  about  the  station  supplying  the  line  in 
question. 

(b)  Gas  to  Water  Mams. — Only  a  small  number  of  readings  were 
made  between  gas  and  water  mains,  the  purpose  being  to  supple- 
ment previous  readings  which  indicated  the  gas  and  water  mains 
to  be  intimately  connected  and  at  practically  the  same  potential. 
It  will  be  noted  in  Table  8  that  the  difference  exceeds  one-tenth 
volt  at  only  one  point  and  this  during  the  maximum  hour.  Zero 
readings  noted  incidentally  at  a  number  of  other  points  in  the 
course  of  the  survey  are  not  given,  these  values  although  higher 
than  the  average,  being  deemed  sufficient  to  show  that  the  poten- 
tial differences  of  either  gas  or  water  mains  against  rails  or  ground 
are  practically  the  same,  and  that  the  two  sets  of  mains  must  be 
treated  as  a  common  system.  The  reason  for  this  is  the  intimate 
contact  between  the  systems  chiefly  through  gas-water  heaters 
which  are  scattered  over  the  city. 
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Fig.  8 
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Fig.  9 
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TABLE  8 
Potential  Differences — Gas  to  Water  Mains 

[One-hour  charts.    These  data  were  obtained  in  July,  1914] 
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Hour 


Location 


Potential  difference, 
volts 


All-day    Max.-hr. 


4.20  p.  m. 
9.50  a.  m. 
10.13  a.  m. 
3.35  p.  m. 
1.30  p.  m. 
4.55  p.  m. 
8.25  a.  m. 


Lagonda  Avenue  and  Warder  Street 
Fountain  Avenue  and  North  Street. . 
Grube  Road  and  Limestone  Street. . 
High  Street  west  of  Spring  Street. . . 

Isabella  and  North  Streets 

Henry  Street  and  Lagonda  Avenue. . 
Limestone  and  Clark  Streets. 


0 
-0. 043 
-0. 065 
-0. 014 
0.  0018 
0.005 
-0.  005 


0 
-0. 073 
-0.11 
-0. 026 
0.003 
0.009 
-0.  009 


(c)  Lead  Sheaths  to  Other  Structures. — Potential  difference  read- 
ings were  taken  on  the  Central  Union  Telephone  Co.'s  lead  sheaths 
at  14  different  manholes,  distributed  over  a  system  having  about 
50  such  locations.  One-half  hour  readings,  using  an  indicating 
voltmeter  between  the  sheath  and  water  mains  and  recorders 
between  sheath  and  rail  and  sheath  and  ground  are  given  in  Table 
9  and  Fig.  10  (opposite  p.  31)  and  show  the  sheath  to  be  negative 
to  these  structures  at  all  points,  the  values  varying  from  1.4  volts 
to  almost  zero  for  the  maximum  hour.  The  lower  values  were 
noted  between  sheath  and  groimd,  where  the  magnitude  is  quite 
an  indefinite  quantity  due  to  earth  gradients,  chemical  potentials, 
and  high-resistance  contacts.  An  additional  column  is  added 
showing  the  portion  of  the  time  that  the  sheath  is  positive.  At 
Main  and  Sycamore  Streets  the  sheath  is  positive  to  rails  for  1 6  out 
of  30  minutes  with  an  average  of  0.10  volt,  but  at  the  same  point  it 
was  not  positive  to  pipe  or  ground  for  any  portion  of  the  period 
so  that  it  can  hardly  be  considered  a  dangerous  condition.  The 
all-day  average  potential  to  rail  is  —0.32  volt,  to  water  mains 
—  0.28,  and  to  ground  —0.12,  all  values  low  enough  to  create  no 
serious  hazard  to  other  structures,  as  is  the  case  where  sheaths  are 
overdrained,  but  safe  also  from  the  standpoint  of  the  cables.  This 
has  been  accomplished  with  three  drainage  points  taking  somewhat 
more  current  from  the  cables  than  formerly,  as  will  be  shown  later, 
but  giving  much  better  potential  conditions  with  no  extremes. 
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These  potential  differences  are  reproduced  on  map  (Fig.  10,  oppo- 
site p.  31),  which  will  assist  in  giving  an  idea  of  the  extent  of  the 
underground  cable  system  as  the  readings  cover  the  area  quite 
completely. 

TABLE  9 
Potential  Differences — Lead  Sheaths  to  Other  Structures 

[One-half-hour  charts  or  indicating-instrument  readings.    These  data  were  obtained  in  July,  1914] 


Hour 

Location 

Potential,  volts 

Positive  reading, 

All-day 

Max.-hr. 

volts 

To  water  pipe: 

2.05  p.  m. 
12.03  p.  m. 

Main  and  Sycamore  Streets 

—0.38 

—0.70 

None 

Main  Street  and  alley  west  of  Fountain  Avenue. 

-0.09 

-0.17 

None 

11.05  a.  m. 

Fountain  and  Ferncliffe  Avenues 

-0.  41 

-0.75 

-j-0.1  for  1  min. 

4.35  p.  m. 
3.35  p.  m. 
10.10  a.  m. 

Main  and  Spring  Streets 

—0.07 

—0.13 

+0.1  for  5  min. 
None 

Main  Street  and  Lagonda  Avenue 

—0.41 

—0.75 

Columbia  Street  and  alley  west  of  Limestone 

-0.20 

-0.37 

None 

Street 

9.20  a.  m. 

Main  Street  and  alley  west  of  Limestone  Street. 

-0.12 

-0.22 

None 

12.25  p.  m. 

Clifton  and  Limestone  Streets 

-0.51 

-0.94 

None 

11.20  a.  m. 

High  and  Spring  Streets 

—0.27 

—0.  50 

None 

10.25  a.  m. 

High  Street  and  alley  west  of  Limestone  Street. 

-0.27 

-0.50 

None 

3.35  p.  m. 

Limestone  Street  and  alley  north  of   Grand 
Avenue 

-0.44 

-0.81 

None 

1.09  p.  m. 

High  Street  between  Lowxy  and  Plum  Streets. 

-0.28 

-0.52 

None 

10.55  a.  m. 

Center  and  High  Streets 

—0.18 

—0.33 

None 

4.35  p.  m. 

Limestone  and  Clark  Streets 

-0.33 

-0.61 

None 

Average 

-0.28 

-0.52 

To  rail: 

1.28  p.  m. 
12.01  p.  m. 

Main  and  Sycamore  Streets  

—0. 005 

—0.  009 

+0.10  for  16  min. 
+0.05  for  1  min. 

Main  Street  and  alley  west  of  Fountain  Avenr.e. 

—0.08 

-0.15 

11.05  a.  m. 

Fountain  and  Ferncliffe  Avenues 

-0.21 
—0.05 

-0.39 

—0.03 

+0.11  for  6  min. 

4.38  p.  m. 
3.28  p.  m. 
10.09  a.  m. 

Main  and  Spring  Streets 

+0.02  for  4  min. 

Main  Street  and  Lagonda  Avenue 

—0. 12 

—0.22 

+0.013  for  11  min. 

Columbia  Street  and  alley  west  of  Limestone 

-0.13 

-0.24 

+0.1  for  1  min. 

Street 

9.20  a.  m. 

Main  Street  and  alley  west  of  Limestone  Street. 

-0.11 

-0.20 

+0.04  for  3  min. 

12.25  p.  rn. 

Clifton  and  Limestone  Streets 

-0.76 

-1.40 

None 

11.20  a.  m. 

High  and  Spring  Streets 

—0.43 

—0-79 

None 

10.32  a.  m. 

High  Street  and  alley  west  of  Limestone  Street. 

-0.43 

-0.79 

None 

3.34  p.  m. 

Limestone  Street  and  alley  north  of  Grand 
Avenue 

-0.97 

—  1.80 

None 

1.09  p.  m. 

High  Street  between  Lowry  and  Plum  Streets. 

-0.50 

-0.92 

None 

10.52  a.  m. 

Center  and  High  Streets 

—0.32 

—0.59 

None 

4.33  p.  m. 

Limestone  and  Clark  Streets 

-0.49 

-0.90 

None 

Average 

-0.32 



-0.61 

Electrolysis  Mitigation  in  Springfield,  Ohio 

TABLE  9— Continued 

Potential  Differences — Lead  Sheaths  to  Other  Structures — Continued 
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Hour 

Location 

Potential,  volts 

Positive  reading, 

All-day 

Max.-hr. 

volts 

1.28  p.  m. 

12.04  p.  m. 

11.05  a.  m. 

To  ground: 

-0.  13 
-0.  008 
-0.21 
-0.  15 
-0.14 
-0.05 

-0.02 
-0.15 
-0.05 
-0.07 
-0.18 

-0.10 
-0.15 
-0.31 

-0.24 
-0.02 
-0.39 
-0.28 
-0.26 
-0.09 

-0.04 
-0.28 
-0.10 
-0.13 
-0.33 

-0.18 
-0.28 

-0.57 

Main  Street  and  alley  west  of  Fountain  Avenue. 

None 

4.38  p.  m. 
3.00  p.  m. 
10.10  a.  m. 

9.18  a.  m. 
12.25  p.  m. 
11.22  a.  m. 

Columbia  Street  and  alley  west  of  Limestone 

Street 
Main  Street  and  alley  west  of  Limestone  Street. 

None 
None 

10.25  a.  m. 
3.33  p.  m. 

1.09  p.  m. 
10.50  a.  m. 

High  Street  and  alley  west  of  Limestone  Street. 
Limestone  Street  and  alley  north  of  Grand 

Avenue 
High  Street  between  Lowry  and  Plum  Streets. 

None 
None 

None 

4.33  p.  m. 

-0.12 

-0.23 

2.  POTENTIAL  GRADIENTS 


(a)  Springfield  Railway  Co.'s  Lines. — A  small  number  of  poten- 
tial gradients,  obtained  chiefly  to  determine  the  condition  of 
balance  of  the  insulated  return  feeder  system,  were  taken  along 
the  tracks  inside  the  feeder  area  and  between  points  where  insu- 
lated feeders  are  connected  to  track.  These  gradients  on  the 
Springfield  Railway  Co.'s  tracks  are  arranged  in  Table  io,  and  on 
the  Ohio  Electric  Railway  Co.  lines  in  Table  ii.  The  first  two 
columns  show  the  locations  of  the  two  terminals  between  which  the 
potentials  were  observed,  the  first  being  positive  unless  the  sign 
indicates  otherwise.  In  addition  to  the  potential  difference  for 
all  day  and  maximum  hour  between  the  two  points,  the  distance 
between  them  via  tracks  or  feeder  is  given,  the  unit  being  iooo 
feet,  and  the  last  two  columns  show  the  gradient  for  this  unit  of 
length  for  the  all-day  average  and  the  maximum  hour.  The 
gradients  are  toward  the  station  with  the  exception  of  the  two 
terminating  at  Sycamore  and  Warder  Streets,  where  the  flow  is 
from  the  station.     Thus,  the  tracks  are  assisting  in  returning  the 
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current  to  the  plant  on  all  other  lengths  and,  as  previously  pointed 
out,  there  is  no  track  connection  where  the  track  is  in  low  ground, 
where  large  potential  differences  would  be  most  serious.  In  the 
potential  differences  (Table  7)  the  effect  of  these  connections  is 
noted,  a  value  of  +0.015  v°lt  existing  at  Sycamore  and  Warder 
Streets,  with  +0.18  volt  at  Lagonda  Avenue  and  Warder  Street 
and  +0.7  volt  at  Main  and  Sycamore  Streets,  the  two  latter  values 
existing  farther  from  the  station  but  having  the  advantage  of 
being  on  higher  ground  than  the  first  at  the  station. 

TABLE  10 
Potential  Gradients  Between  Tap  Points,  Springfield  Railway  Co. 

[One-hour  charts.    These  data  were  obtained  in  July,  1914] 


Location 

Potential 

difference, 

volts 

Distance 

between 

tap 

Potential  gra- 
dient, volts  per 
1000  feet 

From— 

To— 

All- 
day 

Max.- 
hr. 

points 

All- 
day 

Max.- 
hr. 

Thou- 
sand feet 

Clark  and  Limestone  Streets.. 

Limestone  and  Main  Streets. 

0.76 

1.41 

2.6 

0.29 

0.54 

Columbia       and       Sycamore 

Sycamore      and      Warder 

-0.10 

-0.26 

1.4 

-0.07 

-0.19 

Streets 

Streets 

Main  and  Sycamore  Streets... 

Columbia     and     Sycamore 
Streets 

0.07 

0.13 

0.5 

0.14 

0.26 

Do 

Lagonda  Avenue  and  War- 

0.18 

0.33 

2.9 

0.06 

0.11 

der  Street 

Lagonda  Avenue  and  Warder 

Sycamore      and      Warder 

-0.27 

-0.49 

1.0 

-0.27 

-0.49 

Street 

Streets 

Columbus  Avenue  and  James 

James  Street  and  Lagonda 

0.64 

1.17 

1.8 

0.36 

0.65 

Street 

Avenue 

College   Avenue   and   Lime- 

Limestone and  Main  Streets. 

0.25 

0.47 

2.6 

0.10 

0.18 

stone  Street 

High  and  Sycamore  Streets... 

Main  and  Sycamore  Streets. 

0.20 

0.36 

1.0 

0.20 

0.36 

Limestone  and  Main  Streets.. 

do 

0.22 
0.05 

0.40 
0.10 

3.1 
1.0 

0.07 
0.05 

0.13 

Lagonda  Avenue  and  Nelson 

Lagonda  Avenue  and  War- 

0.10 

Street 

der  Street 

James    Street    and    Lagonda 

Nelson  Street  and  Lagonda 

0.28 

0.52 

3.9 

0.07 

0.13 

Avenue 

Avenue 

Warder  and  Sycamore  Streets. 

Main  and  Sycamore  Streets. 

0.14 

0.24 

1.9 

0.07 

0.13 

0.15 

0.26 

Ji 


Electrolysis  Mitigation  in  Springfield,  Ohio  35 

Referring  again  to  the  potential  gradient  measurements  shown 
in  Table  10,  the  highest  value  is  on  James  Street  between  Colum- 
bus and  Lagonda  Avenues  along  an  insulated  cable  serving  as  a 
crosstie  between  tracks,  the  value  being  0.65  volt  for  the  maximum 
hour.  The  average  of  all  values  for  the  12  sections  measured  is 
0.26  volt.  This  value  may  be  considered  very  satisfactory  as 
reducing  leakage  and  still  making  a  reasonable  use  of  the  track  as 
return'. 

(b)  Ohio  Electric  Railway  Co.'s  Lines. — Potentials  on  six  sec- 
tions are  shown  in  Table  1 1 ,  and  of  these  two  on  East  Main  Street 
are  carrying  current  to  the  Springfield  power  house.  The  highest 
gradient  is  on  Zischler  Street  between  North  and  Main  Streets, 
where  an  insulated  feeder  runs  from  the  substation  to  Main  Street 
and  where  the  tracks  on  North  Street  are  insulated  from  ground. 
The  all-day  average  value  is  0.50  and  maximum  hour  0.83  volt 
per  1000  feet,  which  under  average  conditions  is  approaching  the 
limits  of  safe  gradients,  but  need  not  be  considered  dangerous  on 
this  short  distance,  800  feet,  particularly  because  of  the  conditions 
mentioned  before.  The  average  gradient  for  the  Ohio  Electric 
Railway  Co.'s  lines  is  0.39  volt  for  the  maximum  hour  and  0.23  for 
the  all-day  average.  This  is  greater  than  for  the  Springfield 
Railway  Co.'s  lines,  but  is  considered  safe  enough  for  conditions 
existing  in  this  district.  These  values  are  shown  on  the  map  in 
Fig.  1 1  (opposite  p.  35) ,  the  red  lines  connecting  the  points  between 
which  the  potentials  were  read,  the  value  being  in  volts  per  thou- 
sand feet  and  not  the  total  potential  between  the  points.  The 
arrow  indicates  the  direction  of  the  gradient. 
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TABLE  11 
Potential  Gradients  Between  Tap  Points,  Ohio  Electric  Railway  Lines 
[One-hour  charts.    These  data  were  obtained  in  July,  1914] 


Location 

Potential 

difference, 

volts 

Distance 

between 

tap 

points 

Potential  gra- 
dient, volts  per 
1000  ft. 

From — 

To— 

All- 
day 

Max.- 
hr. 

All- 
day 

Mai.- 
hr. 

Main  Street  and  Lincoln  Ave- 
nue 

Belmont  Avenue  and  Main 
Street 

Fountain  Avenue  and  North 
Street 

Main  and  Zischler  Streets. . . 

North  Street  and  Wittenberg 
Avenue 

Fountain  Avenue  and  North 
Street 

Columbia     and     Sycamore 

Streets 
Lincoln  Avenue  and  Main 

Street 
North  and  Zischler  Streets... 

North  and  Zischler  Streets... 
Main  and  Zischler  Streets... 

North  Street  and  Wittenberg 
Avenue 

0.53 

0.60 

0.93 

0.40 
0.51 

0.17 

0.90 

1.02 

1.57 

0.68 
0.87 

0.29 

Thousand 
feet 
1.4 

4.2 

7.3 

0.8 
7.0 

1.1 

0.38 

0.14 

0.13 

0.50 
0.07 

0.15 

0.64 

0.24 

0.22 

0.85 
0.12 

0.26 

0.23 

0.39 

(c)  Outside  Tap  Points. — In  addition  to  the  potential  gradients 
measured  directly  on  the  sections  of  track  inside  the  insulated 
return  feeder  area,  potential  gradients  for  practically  all  sections 
of  track  lying  outside  this  area  may  be  deduced  from  the  above 
gradients  and  the  over-all  potential  values.  The  all-day  average 
values  of  these  gradients  are  shown  in  Table  12  and  by  the  red 
figures  on  map  in  Fig.  11  (opposite  p.  35).  The  highest  value 
noted  on  the  Springfield  Railway  Co.'s  lines  is  0.25  volt  and  is 
found  on  the  extreme  section  of  the  Lagonda  line  which,  as  will  be 
pointed  out  later,  has  some  electrically  defective  joints  and  many 
mechanically  poor  ones.  The  average  for  all  the  values  on  the 
Springfield  Railway  Co.'s  lines  beyond  the  return  feeder  terminals 
is  0.11  volt,  which  is  very  satisfactory. 
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TABLE  12 

Rail  Gradients  Outside  of  Tap  Points 

[All-day  average  values] 
SPRINGFIELD  RAILWAY  CO. 
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Location 

Distance 

Potential,  volts 

From — 

To— 

Total 

Per  1000 
feet 

Thousand 
feet 

6.75 

0.65 

0.10 

Lagonda  Avenue  and  Hilltop  Street. . . 

Lagonda  Avenue  and  James  Street . . 

4.7 

1.17 

0.25 

10.2 

1.42 

0.  14 

Columbus  Avenue  and  West  Wheel 

Columbus  Avenue  and  James  Street 

1.3 

0.27 

0.21 

Street 

Main  Street  and  Belmont  Avenue 

Columbus  Avenue  and  James  Street 

3.4 

0.27 

0.08 

Main  and  Limestone  Streets 

9.0 

0.26 

0.03 

Clark  and  Limestone  Streets 

Main  and  Limestone  Streets 

7.2 
8.0 

0.32 
0.85 

0.04 

Yellow  Springs  and  State  Streets 

0.11 

McCreight  Avenue  and  Saint  Paris 

Limestone  Street  and  College  Avenue 

6.5 

0.82 

0.13 

Pike 

10.8 

0.50 

0.05 

0.  11 

INTERURBAN 


Main  Street  and  Belmont  Avenue. . . 

2.8 

0.68 

0.24 

Limestone  Street  and  Home  Road 

North  Street  and  Fountain  Avenue  . . 

8.8 

4.87 

0.55 

2.4 

1.1 

0.46 

tracks 

Springfield,  Troy  &  Piqua  at  Bechtle 

Springfield,  Troy  &  Piqua  at  Buck 

2.7 

-L96 

-0.73 

Street 

Creek 

Springfield,  Troy  &  Piqua  at  Buck 

Washington  Street  and  Fount.  Avenue 

7.0 

-1.6 

-a  23 

Creek 

State  and  Miami  Streets 

do 

7.2 

9.0 

-0.16 
0.71 

—0.02 

do 

0.08 

0.33 

The  Ohio  Electric  Railway  lines  show  higher  values  of  potential 
gradients  beyond  the  return  feeder  terminals,  but  the  highest 
value  (0.55  volt)  is  on  track  in  process  of  repair  and  the  next 
highest  (0.46  volt)  is  on  track  on  private  right  of  way  and  sub- 
stantially insulated  from  ground.  This  is  also  true  of  the  other 
high  value  on  the  interurbans,  namely,  0.73  volt  between  Bechtle 


38  Technologic  Papers  of  the  Bureau  of  Standards 

Avenue  and  Buck  Creek  on  the  Springfield,  Troy  &  Piqua  Rail- 
way. This  value,  while  not  particularly  serious,  owing  to  the 
character  of  track  construction  as  above  mentioned  is,  neverthe- 
less, too  large  and  is  partly  due  to  the  presence  of  some  bad  joints 
which  should  be  repaired. 

3.  OVER-ALL  POTENTIALS 

(a)  Springfield  Railway  Co.'s  Lines. — The  over-all  potentials  on 
the  Springfield  Railway  Co.'s  tracks,  taken  with  the  permanent 
pilot  wires  already  described,  are  presented  in  Table  13,  which  is 
arranged  in  the  same  manner  as  the  tables  previously  described, 
and  the  corrected  values  for  the  all-day  and  maximum-hour 
potentials  appear  in  the  last  two  columns.  A  24-hour  chart  and 
one  or  more  i-hour  charts  as  check  readings  were  taken  on  each 
length.  The  track  at  Main  and  Sycamore  Streets  is  taken  as  the 
reference  point,  although  it  will  be  noted  from  the  gradients 
(Table  10)  that  Lagonda  Avenue  and  Warder  Street  is  slightly 
lower  (0.06  volt  for  all-day  and  o.  1 1  volt  for  the  maximum  hour) 
and  these  figures  may  be  added  but  are  too  small  to  make  any 
material  change  in  results  having  the  magnitude  of  these  over-all 
potentials.  The  highest  values  were  found  to  Spring  Grove  Park 
loop  where  2.4  volts  for  the  all-day  average  was  recorded  and  4.33 
for  the  maximum-hour.  The  lowest  values  are  at  Main  and 
Sigler  Streets  where  the  interchange  between  power  stations  has 
the  greatest  influence,  the  values  being  0.48  volt  for  the  all-day 
average  and  1.26  volts  for  the  maximum-hour.  The  average  of 
all  reading  is  1.25  volts  for  the  all-day  period  and  2.35  for  the 
maximum-hour.  The  individual  values  are  low  enough  to  be 
considered  very  satisfactory  and  safe,  and  compare  very  favorably 
with  the  limits  set  by  the  frequently  mentioned  German  regulation 
and  the  English  Board  of  Trade  provisions. 
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TABLE  13 

Over-all  Potential  Differences 

[24-hour  charts.   Negative  terminal,  Main  and  Sycamore  Streets.   These  data  were  obtained  in  August,  1914] 


Location  of  positive  terminal 


Belmont  and  Sheridan  Avenues 

Lagonda  Avenue  and  Hilltop  Street.. . 

Snyder  Park  Loop 

Spring  Grove  Park 

Columbus  Avenue  and  Wheel  Street. . 

Main  and  Sigler  Streets 

Burt  and  Kenton  Streets 

Yellow  Springs  and  State  Streets 

McCreight  Avenue  and  St.  Paris  Pike 

Average 


Over-all  potential,  volts 


All-day 

Max.-hr. 

0.85 

1.28 

1.32 

2.43 

1.52 

3.40 

2.40 

4.33 

1.06 

1.68 

0.48 

1.26 

1.30 

2.38 

1.07 

1.97 

1.29 

2.40 

(b)  Interurban  Lines. — The  over-all  potentials  on  the  inter/urban 
lines,  shown  in  Table  14,  are  much  more  irregular  and  in  some  cases 
considerably  higher  than  those  just  discussed,  e.  g.,  all-day  averages 
of  5.8  volts  on  the  North  Limestone  Street  line  and  3.05  volts  on  the 
East  Main  Street  line  with  respective  maximum-hour  values  of  13.9 
volts  and  8.6  volts.  As  stated  above,  bad  bonding  exists  on  both 
these  lines,  which  is  chiefly  responsible  for  the  high  voltages 
observed,  and  in  fact  one  of  the  tracks  on  North  Limestone  Street 
was  entirely  open  when  the  measurement  was  made  on  this  line. 
Work  is  in  progress  or  planned  on  these  sections,  however,  which 
should  put  them  in  satisfactory  condition.  Since  the  feeding 
distances  on  the  north  and  east  branches  are  rather  long  (6  and  y}4 
miles,  respectively) ,  these  tracks  will  always  be  well  loaded,  but  it 
does  not  appear  that  considerations  of  economy  would  justify 
decreasing  these  feeding  distances  at  the  present  time.  As  pointed 
out  in  the  earlier  reports,  the  rails  as  laid  on  interurban  private 
right  of  way  of  these  lines  are,  for  the  most  part,  in  poor  contact 
with  the  soil  and  leakage  is  thereby  greatly  reduced.  If,  however, 
these  over-all  potentials  become  too  large,  they  may  produce  some 
trouble  on  both  telephone  and  pipe  systems,  and  they  should  be 
kept  as  low  as  possible  by  bonding  and  cross  bonding  and  making 
an  effort  to  keep  rails  clear  of  soil  wherever  possible. 
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TABLE  14 
Over-all  Potential  Differences,  Interurban  Lines 

[24-hour  charts.    These  data  were  obtained  in  August,  1914] 
OHIO  ELECTRIC  RAILWAY  CO.o 


Over-all  potential, 
volts 


All-day    Max.-hr. 


Limestone  Street  and  Home  Road 

West  Main  Street  and  Ohio  Electric  tracks. 

Main  Street  and  Lagonda  Avenue 

Main  Street  and  Burnett  Road 


5.8 

1.10 
1.43 
3.05 


13.9 
2.36 

3.65 
8.6 


SPRINGFIELD,  TROY  &  PIQUA  RAILWAY  CO.& 

1.6 
3.56 

3.8 

5.62 

SPRINGFIELD  &  XENIA  RAILWAY  CO.& 

+0.16 

+0.24 

SPRINGFIELD  &  WASHINGTON  RAILWAY  CO.b 

-0.71 

-1.7 

<*  Negative  terminal  at  substation,  North  and  Zischler  Streets. 
b  Positive  terminal  at  Fountain  Avenue  and  Washington  Street. 

The  over-all  potential  on  the  Springfield,  Troy  &  Piqua  Railway- 
line  is  also  rather  high — 3.56  volts  for  the  all-day  and  5.62  volts  for 
the  maximum-hour — although  considerable  effort  has  been  made 
to  put  this  track  in  good  condition.  A  few  bonds  are  probably 
defective,  and  the  load  is  continuous  and  rather  heavy  on  this  line, 
due  to  extra  freight  service  and  to  motor  and  lighting  load  at  the 
car  barn. 

The  greater  part  of  this  line  within  the  city  is  on  private  right  of 
way  and  fairly  well  insulated,  so  that  the  voltages  here  observed 
are  not  dangerous.  The  other  two  interurban  lines  have  very 
satisfactory  values  of  over-all  potentials,  as  will  be  seen  from  Table 
14,  but  the  Springfield  &  Washington   Railway  line  was  only 
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measured  to  John  Street,  it  still  requiring  some  bonding  and  repairs 
south  of  that  point.  On  the  whole,  the  interufban  lines  do  not 
furnish  a  serious  menace  to  underground  structures  wherever  they 
are  raised  above  the  ground,  and  the  voltage  limitations  on  such 
sections  need  not  be  as  severe  as  on  urban  tracks  embedded  in  the 
highway.  The  map  in  Fig.  12  (opposite  p.  41)  shows  the  over-all 
potentials  between  the  extreme  points  of  the  various  systems,  the 
figures  in  red  being  all-day  average  values,  obtained  in  the  recent 
survey,  and  the  figures  in  black  those  taken  during  the  previous 
winter.  Both  sets  of  data,  however,  were  taken  after  the  insu- 
lated negative  feeder  systems  had  been  installed. 

4.   STRAY   CURRENTS  ON  UNDERGROUND   STRUCTURES 

The  magnitude  of  the  currents  which  are  flowing  in  the  under- 
ground structures  and  which  are  properly  called  "stray"  currents 
is  shown  in  Tables  15,  16,  17,  and  18,  which  give  readings  at  about 
80  different  points  or  current  stations  on  water  and  gas  mains  and 
lead-sheathed  cables.  The  stations  are  numbered  in  each  table 
and  the  hour  of  reading  and  location  of  station  follow,  then  the 
size  and  kind  of  pipe.  If  indicated  as  C.  I.  (cast  iron) ,  in  the  water 
main  table,  the  class  (C)  has  been  used  in  the  calculations  and  for 
the  gas  main  tables  the  class  for  gas  standard,  approximately 
Class  A  of  the  A.  W.  W.  A.  standard.  The  length  of  section  and  the 
calculated  resistance  of  the  section  are  omitted,  but  the  observed 
potential  across  it  and  two  values  of  current  are  given,  the  alge- 
braic average  being  the  average  of  all  readings  observing  the  plus 
and  minus  signs,  or  direction  of  current  flow,  and  the  arithmetical 
average  not  taking  the  sign  into  consideration,  as  though  the  cur- 
rent flowed  in  one  direction.  Where  the  current  reverses  at  fre- 
quent intervals,  as  in  this  case,  the  algebraic  average  value  is 
more  nearly  proportional  to  the  electrolytic  damage  since  the 
efficiency  of  corrosion  is  reduced  by  the  frequent  reversals.  The 
direction  of  current  flow  is  indicated  by  the  letters  N.,  B.,  S.,  or 
W.  The  currents  are  not  reduced  to  all-day  or  maximum-hour 
values,  because  the  readings  are  of  only  a  half  hour  duration  and 
because  it  is  quite  uncertain  which  load  curve  ratio  should  be 
applied  in  the  case  of  these  stray  currents.     The  map  in  Fig.  13 
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(opposite  p.  42)  shows  the  location  of  the  current  stations  by  the 
position  of  the  circles  and  the  magnitude  of  the  currents  by  the 
length  of  the  arrows  when  these  are  greater  than  1  ampere. 

(a)  Current  on  Water  Mains. — Nineteen  observations  were 
made  on  the  water  system  each  on  a  solid  length  for  pipe,  4  feet 
long  in  practically  every  case.  These  values  are  given  in  Table 
15,  and  it  will  be  noted  that  the  potential  differences  are  small 
fractions  of  millivolts,  the  largest  being  0.29  millivolt  at  station 
No  7  at  Isabella  Street,  north  of  Main  Street,  indicating  a  current 
flow  of  3.5  amperes  on  an  8-inch  cast-iron  pipe.  There  are  several 
points  where  the  current  is  of  about  this  value  and  the  average  for 
all  stations  is  1.5  amperes,  and  it  will  be  noted  that  where  there  is 
any  current  (there  are  only  two  zero  currents  in  this  table)  the 
values  are  generally  between  1  and  3  amperes.  The  algebraic  and 
arithmetic  values  are  approximately  the  same,  indicating  few 
reversals  in  direction  of  current  during  test.  Currents  of  this 
small  magnitude  when  discharged  from  a  large  network  of  pipes 
will  produce  practically  negligible  damage. 
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TABLE  15 

Current  in  Water  Mains 

[30-minute  galvanometer  readings.    These  data  were  obtained  in  July,  1914] 
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Hour 

Location 

Mains 

Poten. 

drop, 

alg. 

av. 

Current,  amp. 

Direc- 
tion 

No. 

Size 

Kind 

Alg. 
av. 

Arith. 
av. 

Inches 

M.  V. 

1 

4.37  p.  m. 

Lincoln  Street  north  of  High  Street . . 

16 

CI 

0.14 

3.2 

3.5 

N 

2 

12.15  p.m. 
4.50  p.  m. 

Cedar  and  Cliff  Streets 

16 

CI 

0.04 

0.26 

0.69 

W 

3 

Spring  Street,  on  Buck  Creek  Bridge. 

12 

CI 

0.18 

3.7 

4.1 

s 

4 

10.36  a.  m. 

Plum  Street  north  of  Columbia  Street. 

10 

CI 

0.18 

2.6 

2.7 

N 

5 

12.55  p.m. 

Shaffer  Street   north  of   Columbia 
Street 

8 

CI 

0.15 

1.6 

1.7 

N 

6 

9.45  a.  m. 

Dayton  Avenue  and  High  Street 

10 

CI 

0.02 

0.35 

0.49 

7 

10.30  a.m. 

Isabella  Street  north  of  Main  Street. 

8 

CI 

0.29 

3.5 

3.5 

N 

8 

5.22  p.  m. 

East  Main  Street  east  of  Freeman 
Avenue 

24 

CI 

0.02 

1.2 

8.0 

E 

9 

4.48  p.  m. 

Chestnut  Avenue  east  of  Limestone 
Street 

10 

CI 

0.03 

0.39 

0.73 

W 

10 

2.40  p.m. 

Clifton  Avenue  north  of  Liberty  Street. 

8 

CI 

0.19 

2.0 

2.1 

11 

1.35  p.m. 

North  Street  west  of  Race  Street 

8 

CI 

0.11 

1.1 

1.6 

W 

12 

4.15  p.m. 

Fountain  Avenue  south  of  College 
Avenue 

8 

CI 

0.17 

1.8 

2.8 

N 

13 

10.30  a.  m. 

Pleasant  Street  west  of  Wittenberg 
Avenue 

8 

CI 

0.15 

1.6 

2.1 

W 

14 

11.28  a.m. 

Spring  Street  north  of  High  Street. . . 

20 

CI 

0.09 

3.8 

4.1 

N 

15 

2.55  p.  m. 

"West  High  and  Race  Streets 

6 

CI 

0.03 

0.19 

0.25 

E 

16 

12.00     m. 

Main  Street  and  Western  Avenue. . . 

10 

CI 

0.08 

1.1 

1.1 

E 

17 

5.35  p.m. 

Main  Street  east  of  Spring  Street 

24 

CI 

0.0 

0.0 

0.0 

18 

5.15  p.m. 

West  Main  Street  east  of  Light  Street . 

6 

CI 

0.05 

0.35 

0.38 

E 

19 

11.17  a.m. 

Lagonda  Avenue  north  of  Warder 
Street 

Total 

20 

CI 

0.0 

0.0 

0.0 

28.74 
1.51 

39.84 

Average 

(b)  Current  in  Natural  Gas  Mains)* — In  measuring  current  flow 
on  the  gas  mains  potential  drops  were  taken  for  the  most  part  on 
io-foot  sections  of  pipe.  The  data  are  shown  in  Table  16,  and  it 
will  be  seen  that  only  one  of  the  potentials  on  the  gas  mains  exceeds 
i  millivolt.  Only  two  are  over  a  half,  while  there  are  six  where  no 
potential  could  be  observed,  and  nine  on  which  only  a  few  hun- 
dredths of  a  millivolt  were  observed.  Since  some  mains  are 
wrought  iron  these  small  values  still  indicate  appreciable  cur- 
rents; that  is,  o.oi  millivolt  on  an  8-inch  W.  I.  main  indicates  }i 
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ampere.  The  highest  algebraic  average  value  of  current  observed 
is  13.9  amperes,  but  all  but  three  values  are  less  than  5  amperes, 
while  the  algebraic  average  of  all  values  is  1.7  amperes.  This  is 
raised  decidedly  by  three  readings  on  the  main  which  comes  from 
the  gas  fields,  and  if  these  are  omitted  the  average  is  only  0.69 
ampere,  a  value  comparable  with  the  current  on  the  artificial  gas 
system  having  mains  only  within  the  city.  The  lower  value  of 
current  on  all  gas  mains,  as  compared  with  water  mains,  can  be 
ascribed  to  the  presence  of  rubber  gasket  joints,  since  otherwise  the 
current  would  generally  be  greater  on  a  wrought-iron  system  due 
to  the  lower  specific  resistance  of  that  metal  and  the  high  resistance 
of  lead-calked  joints  on  cast  mains. 

TABLE  16 
Current  in  Natural  Gas  Mains 

[30-minute  galvanometer  readings.    These  data  were  obtained  in  July,  1914] 


Mains 

Current,  amp. 

Hour 

Location 

Poten. 
drop, 
alg.  av. 

Direc- 
tion 

No. 

Size 

Kind 

Alg. 
av. 

Arith. 
av. 

Inches 

M.  v. 

1 

4.55  p.  m. 
9.50  a.  m. 

Clifton  and  East  Streets 

6 
6 

CI 

WI 

0.38 
0.00 

0.94 
0.00 

2.2 
0.00 

W 

2 

Main  Street  and  Belmont  Avenue . . 

3 

1.30  p.  m. 

Clifton  Avenue  and  Rice  Street 

3 

WI 

0.01 

0.05 

0.05 

S 

4 

11.42  a.  m. 

Warder  Street  and  Lagonda  Avenue . 

4 

WI 

0.80 

4.70 

4.70 

E 

5 

11.20  a.  m. 

North  Street  and  Wittenberg  Ave- 
nue 

6 

CI 

1.39 

3.40 

3.40 

W 

6 

2.45  p.  m. 

Columbia  Street  east  of  Sycamore 
Street 

4 

WI 

0.01 

0.01 

0.01 

E 

7 

3.30  p.  m. 

Yellow   Springs   and   Washington 
Streets 

4 

CI 

0.34 

0.54 

0.72 

W 

8 

11.08  a.  m. 

Wittenberg  Avenue  and  Pleasant 
Street 

6 

CI 

0.29 

0.71 

0.75 

N 

9 

1.53  p.  m. 

Southern  Avenue  and  Limestone 

Street 

6 

CI 

0.26 

0.63 

0.75 

W 

10 

4.40  p.  m. 

Spring    Street    north    of    Monroe 
Street 

6 

WI 

0.08 

0.79 

0.79 

N 

11 

11.15  a.  m. 
10.00  a.  m. 
9.30  a.  m. 

Isabella  and  North  Streets 

3 

4 
4 

WI 
WI 
WI 

0.00 
0.04 
0.00 

0.00 
0.24 
0.00 

0.00 
0.24 
0.00 

12 

Plum  and  State  Streets 

W 

13 

Southern     Avenue     and     Yellow 

Springs  Street 

14 

9.30  a.  rn. 

High  Street  and  Burnett  Road 

4 

WI 

0.00 

0.00 

0.00 

15 

4.20  p.  m. 

Wittenberg    Avenue    and    Ward 
Street 

4 

CI 

0.34 

0.54 

0.56 

S 

16 

3.55  p.  m. 

Kenton  and  Oak  Streets 

6 

WI 

0.29 

3.04 

4.4 

W 
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TABLE  16— Continued 
Current  in  Natural  Gas  Mains— Continued 
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Mains 

Current,  amp. 

Hour 

Location 

Pot  en. 

drop, 

alg.  av. 

No. 

Size 

Kind 

Alg. 
av. 

Arith. 
av. 

Direc- 
tion 

Inches 

M.  v. 

17 

3.00  p.  m. 

Limestone  and  Third  Streets 

2 

WI 

0.00 

0.00 

0.00 

18 

2.05  p.  m. 

Limestone  Street  and  Home  Road. . 

4 

WI 

0.06 

0.34 

0.43 

N 

19 

3.35  p.  m. 

Center  Street  between  Mulberry 
and  Jefferson  Streets 

8 

CI 

0.02 

0.06 

0.06 

N 

20 

10.22  a.  m. 

Lagonda     Avenue     and     Nelson 
Street 

6 

WI 

0.14 

1.46 

1.60 

S 

21 

10.27  a.  m. 

South  of  West  Main  Street  regis- 
tration house 

10 

WI 

0.00 

0.00 

0.00 

22 

9.18  a.  m. 

40  feet  west  of  West  Main  Street 
registration  house 

10 

WI 

0.63 

13.9 

15.8 

E 

23 

10.05  a.  m. 

Main  Street  at  Buck  Creek  Bridge. . 

3 

WI 

0.01 

0.05 

0.05 

W 

24 

10.35  a.  m. 

Main    Street    registration    house, 
second  pipe  from  east  side 

8 

WI 

0.01 

0.29 

0.29 

S 

25 

10.42  a.  m. 

Main    Street    registration    house, 
third  pipe  from  east  side 

8 

WI 

0.18 

7.0 

8.3 

S 

26 

11.12  a.  m. 

Main    Street    registration    house, 
fourth  pipe  from  east  side 

8 

WI 

0.25 

9.5 

9.5 

S 

27 

10.40  a.  m. 

Spring  Street  at  Buck  Creek  Bridge. 

8 

WI 

0.02 

0.30 

0.30 

N 

28 

10.10  a.  m. 

Limestone  Street  at  Buck   Creek 
Bridge 

4 

WI 

0.01 

0.01 

0.01 

S 

29 

2.37  p.  m. 

Eleventh  Street  and  railroad  bridge. 
Average 

10 

WI 

0.19 

0.05 

0.05 

w 

1.7 

(c)  Current  in  Artificial  Gas  Mains. — The  22  readings  of  Table 
1 7  on  artificial  gas  mains  show  no  potential  readings  as  great  as  a 
millivolt,  and  the  largest  current  is  9  amperes  on  a  6-inch  wrought- 
iron  main  at  Center  Avenue  north  of  Mulberry  Street.  The 
algebraic  values  are  slightly  lower  than  the  arithmetical  but  the 
currents  are  mostly  unidirectional.  The  algebraic  average  of  all 
values  is  only  0.68  ampere  and  the  arithmetical  average  is  0.76 
ampere  with  six  zero  current  values  and  six  in  the  hundredths 
place,  so  low  as  to  be  negligible.  In  general  the  values  are  very 
low,  due  chiefly  to  the  low  over-all  voltage  drops  which  prevail 
and  to  some  extent  to  the  presence  of  insulating  joints  which  are 
distributed  somewhat  irregularly  and  at  infrequent  intervals. 
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TABLE  17 

Current  in  Artificial  Gas  Mains 
[30-minute  galvanometer  readings.    These  data  were  obtained  in  July,  1914] 


Mains 

Current,  amp. 

Hour 

Location 

Poten. 
drop, 
alg.  av. 

Direc- 
tion 

No. 

Size 

Kind 

Alg. 
av. 

Arith. 
av. 

Inches 

M.  v. 

1 

1.50  p.  m. 

North   Fountain  Avenue,    opposite 
gas  office 

6 

CI 

0.02 

0.04 

0.04 

S 

2 

3.30  p.  m. 

Clifton  Street  and  Clifton  Avenue... 

4 

WI 

0.08 

0.47 

0.47 

N 

3 

10.07  a.  m. 

High  and  Sigler  Streets 

12 

WI 

0.00 

0.00 

0.00 

4 

4.20  p.  m. 

Yellow  Springs  and  Pleasant  Streets 

12 

WI 

0.00 

0.00 

0.00 

5 

9.00  a.  m. 

High  and  Lowry  Streets 

2 

CI 

0.02 

0.01 

0.01 

N 

6 

1.35  p.  m. 

High  and  Sycamore  Streets 

3 

CI 

0.00 

0.00 

0.00 

7 

11.50  a.  m. 

High  Street  and  Greenmount  Ave- 
nue 

8 

WI 

0.13 

2.00 

3.20 

S 

8 

3.45  p.  m. 

Fountain  and  Madison  Avenues 

2 

CI 

0.03 

0.02 

0.02 

E 

9 

4.00  p.  m. 

Woodlawn  and  College  Avenues 

8 

WI 

0.00 

0.00 

0.00 

10 

9.45  a.  m. 

Limestone  Street  at  Buck  Creek 
bridge 

3 

WI 

0.00 

0.00 

0.00 

11 

10.50  a.  m. 

Wittenberg  and  Southern  Avenues. 

4 

WI 

0.06 

0.38 

0.56 

£ 

12 

10.00  a.  m. 

Mulberry  Street  and  Wittenberg 
Avenue 

2 

CI 

0.00 

0.00 

0.00 

13 

4.22  p.  m. 

Plum  and  Pleasant  Streets 

3 

CI 

0.16 

0.17 

0.17 

N 

14 

10.37  a.  m. 

Main  and  Florence  Streets 

4 

CI 

0.05 

0.08 

0.34 

N 

15 

3.30  p.  m. 

Woodlawn  and  McCreight  Avenues 

5 

WI 

0.02 

0.31 

0.31 

N 

16 

4.35  p.  m. 

Limestone  and  Monroe  Streets 

6 

CI 

0.65 

1.62 

1.6 

N 

17 

3.25  p.  m. 

Limestone  Street  at  high  school 

4 

CI 

0.17 

0.27 

0.37 

N 

18 

3.15  p.  m. 

Main  and  Sycamore  Streets 

6 

CI 

<0.01 

<0.1 

0.11 

E 

19 

9.25  a.  m. 

Center  Avenue  north  of  Mulberry 
Street 

6 

WI 

0.86 

8.95 

8.95 

N 

20 

2.25  p.  m. 

Wittenberg  Avenue  on  Buck  Creek 
bridge 

8 

WI 

<0.01 

<0.01 

0.18 

N 

21 

2.10  p.  m. 

Fountain   Street  on  Buck   Creek 
bridge 

6 

WI 

0.02 

0.21 

0.21 

S 

22 

2.18  p.  m. 

WestPleasant  Street  at  A.  A.Bridge 

10 

WI 

0.11 

0.30 

0.30 

E 

0.68 

(d)  Current  in  Lead  Cable  Sheaths. — In  order  to  make  the  lead 
sheaths  uniformly  negative  to  surrounding  structures  they  were 
connected  to  the  negative  return  at  three  different  points  and 
resistances  inserted  and  adjusted  until  satisfactory  potential  con- 
ditions were  reached.  The  current  flowing  in  these  three  bonds 
represents  all  the  stray  current  in  the  sheaths.  Table  18  shows 
the  hour  of  reading,  the  location  of  the  bond,  and  the  average 


Electrolysis  Mitigation  in  Springfield,  Ohio 


47 


currents  for  all-day  and  maximum-hour  taken  off  the  sheaths. 
Most  of  the  current,  amounting  to  n  amperes  for  the  all -day 
average,  is  being  taken  to  the  Springfield  Railway  power  house, 
through  the  tap  at  Main  and  Limestone  Streets  quite  distant 
from  either  station,  while  the  currents  on  the  bonds  near  the 
two  stations  are  much  smaller,  being  3.08  amperes  at  the  Ohio 
Electric  substation  tap  at  Main  and  Zischler  Streets,  and  1.94 
amperes  at  the  Springfield  Railway  power  house  tap  at  Main  and 
Sycamore  Streets.  The  total  current  taken  from  all  these  taps  is 
about  16  amperes  for  the  all-day  average  and  29.4  amperes  for 
the  maximum-hour.  In  all  probability  these  currents  can  be 
materially  reduced  when  the  bad  track  conditions  on  North  Lime- 
stone Street  and  East  Main  Street  are  improved.  When  the 
tracks  are  put  in  good  condition,  as  urged  elsewhere  in  this  report, 
the  current  drained  from  the  telephone  cables  should  be  reduced 
as  much  as  possible,  not  so  much  for  the  further  protection  of  the 
cables  themselves,  which  are  considered  quite  safe  under  present 
conditions,  but  to  prevent  drawing  any  more  current  than  neces- 
sary from  other  underground  structures  which  might  be  preju- 
dicial to  the  latter. 

TABLE  18 
Current  in  Telephone  Sheaths 

[One-hour  charts.    These  data  were  obtained  in  July  and  August,  1914] 


No. 

Hour 

Location 

Current,  amp. 

All-day 

Max.-hr. 

1 

10.10  a.m. 
9.33  a.  m. 
2.10  p.m. 

10.0 
3.08 
1.94 

20.3 

?, 

5.67 

3 

3.58 

Total 

16.02 

29.45 

5.   CROSS  CONNECTIONS 


The  data  indicate  the  need  of  crossties  or  connection  between 
tracks  where  a  long  circuit  or  loops  exist  before  they  intersect. 
Some  of  these  will  be  short  underground  bonds  while  others  will 
have  to  be  overhead  cables  for  a  greater  distance.  At  Main  Street 
and  Lagonda  Avenue  an  average  potential  of  o.i  volt  exists  with 
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swings  to  2  volts  between  the  two  tracks,  which  are  about  10  feet 
apart.  There  is  a  track  loop  or  the  distance  around  the  metallic 
circuit  of  about  500  feet.  A  bond  of  0000  copper  between  these 
tracks  is  desirable,  especially  since  telephone  lead  sheaths  lie 
directly  across  this  gap.  At  Limestone  Street  and  McCreight 
Avenue  a  similar  condition  exists  with  swings  of  2.5  volts  between 
the  two  tracks  and  an  average  of  about  o.  1  volt.  The  separation 
is  about  8  feet  and  the  loop  about  2000  feet  and  a  0000  bond  here 
is  needed.  An  overhead  cable  of  300  000  circular  mils  is  desir- 
able between  Miami  and  Yellow  Springs  Streets,  between  the 
Springfield  &  Xenia  Railway  line  and  the  Springfield  Railway  Co., 
a  distance  of  700  feet  since  the  current  is  flowing  in  opposite 
directions  in  the  two  lines  and  pipe  potential  differences  are  posi- 
tive on  one  and  negative  on  the  other.  A  similar  cable  on  Wash- 
ington Street,  between  the  interurban  terminal  tracks  and  Lime- 
stone Street,  would  relieve  rather  high  local  potentials  found  to 
exist  thereon,  a  distance  of  about  400  feet,  also  on  Lansdown 
Avenue  between  Clifton  Avenue  and  Limestone  Street,  a  distance 
of  600  feet,  where  potential  swings  of  3  volts  occur.  The  total 
cost  of  these  ties  amounts  to  $400  and  every  one  is  a  joint  tie  con- 
necting two  different  companies'  tracks. 

6.  COST  DATA 

In  discussing  data  showing  the  electrolytic  conditions,  the 
question  of  the  safety  of  the  underground  structures  is  not  the 
only  one  to  be  considered,  the  economies  of  the  mitigation  system 
also  being  an  important  factor.  The  data  indicates  the  pipes  and 
cables  to  be  substantially  safe  and  gradients  and  over-all  poten- 
tials to  be  reasonably  low  at  most  points.  The  discussion  of 
cost  data  presented  elsewhere  in  this  report  shows  that  these 
conditions  have  been  brought  about  with  annual  cost  to  the 
railways  somewhat  greater  than  that  before  any  mitigation 
system  was  installed,  but  with  very  high  potentials  existing. 
However,  the  annual  cost  is  less  than  with  the  original  mitigation 
system  owing  to  the  reduced  power  loss  under  the  present  instal- 
lation. 
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7.  SIGNIFICANCE  OF  DATA 

To  determine  the  meaning  of  conditions  found  in  Springfield, 
especially  their  effect  on  the  safety  of  the  subsurface  structures, 
they  must  be  compared  with  those  in  other  places  where  the  same 
conditions  have  prevailed  long  enough  to  enable  one  to  draw 
conclusions  from  the  results.  The  potentials  existing  in  Spring- 
field before  the  mitigation  systems  were  installed  were  about 
the  same  as  those  prevailing  in  most  American  cities  where 
damage  has  been  practically  universal  and  damage  was  progress- 
ing in  a  similar  manner.  In  England  where  the  over-all  potentials 
have  been  limited  to  7  volts  during  the  maximum  half-hour  and 
in  Germany  where  a  2^-volt  limit  during  average  scheduled 
traffic  has  been  set,  there  has  been  freedom  from  electrolysis. 
Although  the  bases  of  measurement  are  not  exactly  the  same, 
they  are  comparable  in  a  general  way.  All  over-all  potential 
values  on  the  Springfield  Railway  Co.  lines  are  below  these  limits, 
and  this  is  true  of  those  on  all  sections  of  interurban  lines  except 
those  still  unrepaired  or  practically  insulated  from  earth. 

Gradients  have  been  limited  in  England  by  a  provision  per- 
mitting a  maximum  current  density  of  9  amperes  per  square  inch 
of  rail  cross  section.  This  corresponds  to  a  gradient  of  about 
0.9  volt  per  1000  feet,  for  the  maximum  half-hour  allowing  no 
drop  on  joints,  or  0.3  or  0.4  volt  per  1000  feet  for  the  all-day 
average  gradient.  On  this  basis  all  sections  in  Springfield  are 
not  creating  any  serious  hazard  to  subsurface  structures  due  to 
leakage  from  short  sections  of  track.  Since  only  two  or  three 
unrepaired  sections  of  track  remain  and  there  is  promise  of  these 
being  taken  care  of  before  this  paper  goes  to  press,  while  at  the 
beginning  of  this  work  a  very  large  percentage  of  the  track  was 
in  bad  condition,  and  since  the  all-day  average  over-all  potentials 
have  been  generally  reduced  to  3  volts,  no  all-day  average 
gradient  exceeds  0.4  volt  per  1000  feet,  potential  differences  are 
less  than  1  volt  even  for  the  maximum  hour,  with  the  exception 
of  two  points,  and  the  current  flow  in  the  underground  pipes  is 
negligible,  it  is  evident  that  conditions  in  Springfield  are  very 
satisfactory  and  the  pipes  may  be  considered  safe.     Maintenance 
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of  track  bonding  has  been  frequently  mentioned  and  it  is  the  real 
essential  for  continued  satisfactory  conditions. 

It  should  be  pointed  out  that  there  is  a  large  amount  of  dam- 
aged pipes  in  certain  districts  which  may  be  exposed  at  times 
and  that  breaks  or  leaks  may  occur  at  previously  weakened  points. 
Such  instances  should  be  looked  into  carefully  to  determine 
existing  potential  conditions  and  whether  soil  conditions  are  such 
as  to  give  rise  to  any  appreciable  trouble. 

D.  COMPARATIVE  DATA— WINTER  AND  SUMMER  SURVEYS 

It  would  be  of  interest  to  compare  conditions  in  Springfield 
before  and  after  the  installation  of  the  insulated  return  feeders 
and  the  accompanying  track  interconnection  and  improvement. 
We  have  only  a  few  readings  taken  prior  to  the  changes,  but 
certain  over-alls  and  potential  differences  indicate  a  great  change 
of  conditions  have  taken  place.  More  complete  data,  taken 
during  the  winter  survey  mentioned  in  the  early  part  of  this 
report  and  during  the  summer  survey,  the  data  for  which  have 
just  been  given,  give  an  opportunity  to  compare  the  effect  of 
varying  temperatures  and  frost  on  electrolysis  conditions. 

During  the  winter  survey  the  ground  was  frozen  to  a  depth  of  4 
to  10  inches,  thus  making  a  considerable  part  of  the  current  leaking 
from  the  rails  go  through  this  frozen  ground,  and  experimental  data 
indicate  that  such  freezing  of  the  ground  should  reduce  the  leakage 
current  very  materially,  due  to  the  high  resistance  of  frozen  soil. 
The  low  temperatures  should  also  make  all  metallic  structures 
better  conductors,  especially  the  rails,  which  have  a  large  tem- 
perature coefficient  of  resistance  and  are  exposed  to  temperature 
changes  much  greater  than  the  pipes.  The  comparative  data  for 
the  winter  and  summer  survey  presented  below  bear  out  these 
conclusions  in  a  very  definite  manner. 

1.  POWER-HOUSE  LOADS 

In  comparing  the  electrical  measurements  made  in  winter  and 
summer  it  is  necessary  to  take  account  of  the  difference  in  railway 
loads  during  the  two  seasons.  The  summer  and  winter  loads  on 
the  interurban  lines  are  practically  the  same,  as  shown  by  the 
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schedule  on  three  of  the  interurbans  and  by  the  kilowatts,  daily 
and  weekly  demand,  on  the  Ohio  Electric  Railway  Co.  Table  19 
gives  the  power  consumption  by  the  Ohio  Electric  Railway  Co. 
and  shows  that  the  average  load  per  week  varied  more  between 
January  and  December  than  January  and  July,  and  the  variation 
from  day  to  day  was  even  greater  in  many  instances.  These 
figures,  while  indicating  no  great  difference  between  winter  and 
summer,  show  the  impossibility  of  repeating  readings  within  a  few 
per  cent  on  this  system;  e.  g.,  the  greatest  variation  shown  on  suc- 
ceeding days  is  between  Monday  and  Tuesday,  December  15  and 
16,  when  a  change  of  almost  50  per  cent  occurred.  During  the 
summer  the  maximum  variation  was  considerably  less  than  this, 
namely,  about  38  per  cent,  and  that  on  succeeding  days  less  than 
30  per  cent. 

TABLE  19 

Load  Data — Ohio  Electric  Railway  Co.,  Springfield  Substation 

[Watthour  meter] 

Output  in 
Output  for  week  December  15  to  21, 1913:  kwhrs. 

December  15 3827 

December  16 5640 

December  17 3800 

December  18 4980 

December  19 3854 

December  20 4490 

December  21  (Sunday) 3760 

Total 30351 

Average 4336 

Output  for  week  January  15  to  21, 1914: 

January  15 3830 

January  16 4620 

January  17 5780 

January  18  (Sunday) 3960 

January  19 5620 

January  20 4490 

January  21 4650 

Total 32950 

Average 4707 

Output  for  week  July  15  to  21,  1914: 

July  15 5990 

July  16 4640 

July  17 4240 

July  18 5430 

July  19  (Sunday) 4620 

July  20 4540 

July  21 5680 

Total 35140 

Average 5020 
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In  Table  20,  showing  the  Springfield  Railway  Co.  load,  it  will  be 
noted  that  the  variation  for  week  days  is  decidedly  less,  being  about 
20  per  cent  for  winter  and  16  per  cent  for  summer.  Owing  to 
electric  heating  and  increased  traffic,  the  city  line  has  a  load  of  56 
per  cent  greater  in  the  winter  than  in  the  summer,  the  average 
daily  kilowatthours  being  9300  for  one  week  in  July  and  about 
15  500  per  week  in  December  and  January.  This  would  have  the 
tendency  to  increase  both  the  current  in  the  pipes  and  the  poten- 
tial differences  between  pipe  and  rail,  and  must  be  taken  into  con- 
sideration in  comparing  potential  and  current  readings. 

TABLE  20 
Load  Data— Springfield  Railway  Co. 

rWatthour  meter] 

Output 
in 
Output  for  week  December  15  to  21, 1913:  kwhrs. 

December  15 15  890 

December  15 16  180 

December  17 14  630 

December  18 15  64° 

Decembers - 16000 

December  20 17  32° 

December  21  (Sunday) 13  590 

Total 10925° 

Average 15  607 

Output  for  week  January  15  to  21,  1914: 

January  15 15  4*° 

January  16 14  65° 

January  17 17  65° 

January  18  (Sunday) 13  020 

January  19 15  48° 

January  20 15  21° 

January  21 16770 

Total 108190 

Average 15  4->6 

Output  for  week  July  15  to  21, 1914: 

July  15 9080 

July  16 9"0 

July  17 934° 

July  18 1054° 

July  19  (Sunday) 904° 

July  20 899° 

July  21 884<> 

Total 6S400 

Average 9343 
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2.  COMPARISON  OF  WINTER  AND  SUMMER  ELECTRICAL  MEASUREMENTS 

(a)  Comparative  Potential  Differences. — At  many  of  the  points 
where  potential  differences  between  water  and  rail  were  observed 
during  the  summer  survey  readings  were  also  taken  during  the 
winter  survey.  These  have  been  reduced  to  a  comparative  basis 
by  applying  a  correction  factor  derived  from  the  load  curves  based 
on  the  hours  at  which  the  two  readings  were  taken.  It  will  be 
noted  that  of  the  47  readings  in  Table  21 ,  30  are  of  about  the  same 
magnitude,  but  there  are  a  number  of  decided  differences,  espe- 
cially near  the  neutral  area,  where  a  slight  change  in  the  relation 
of  the  load  on  the  two  stations  will  reverse  the  polarity.  This  has 
evidently  occurred  at  Florence  and  Main  Streets,  Hughes  and 
Sigler  Streets,  and  Main  Street  and  Wittenberg  Avenue.  The 
differences  on  Limestone  Street  at  Parkwood  Avenue  and  Lands- 
down  Avenue,  where  the  polarity  changed  from  positive  to  nega- 
tive, are  evidently  due  to  a  change  in  power  distribution  on  the 
Springfield  and  Washington  line.  The  arithmetical  average 
potential  difference  for  all  points  compared  is  0.51  volt  during  the 
winter  and  0.34  volt  in  the  summer,  an  increase  of  50  per  cent 
during  the  winter.  The  total  load  on  all  stations  increased  39  per 
cent  at  the  same  time  and  the  track  resistance  due  to  temperature 
coefficient  has  decreased  15  per  cent,  leaving  26  per  cent  to  be 
ascribed  to  the  effect  of  frost,  a  very  definite  effect  even  when  it 
is  considered  that  considerable  track  improvement  had  been  made 
since  the  winter  readings.  This  tends  to  prove  that  frost  increases 
the  potential  differences.  As  would  be  expected,  the  current  in 
the  pipe  discussed  later  also  points  quite  definitely  to  this  higher 
resistance  effect. 
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TABLE  21 

Comparative  Potential  Differences — Water  Mains  to  Rails 

[One-hour  charts] 


Location 


Belmont  Avenue  and  Main 
Street 

Clark  and  Limestone  Streets. . 

Clifton  and  East  Streets 

Clifton  Avenue  and  Johnston 
Street 

Clifton  and  Oak  Streets 

Clifton  Avenue  and  Rice  Street 

College  and  Wittenberg  Ave- 
nues  

Columbia  and  Foster  Streets. 

Columbia  and  Sycamore 
Streets 

Columbus  and  Belmont  Ave- 
nues   

Florence  and  Main  Streets — 

Foster  and  High  Streets 

Foster  and  Main  Streets 

Fountain  Avenue  and  North 
Street 

Freeman  Avenue  and  Main 
Street 

Glenn  and  High  Streets 

Grant  and  Yellow  Springs 
Streets 

High  Street  and  Ludlow 
Avenue 

High  and  Penn  Streets 

High  and  Sycamore  Streets. . . 

Hughes  and  Sigler  Streets 

North  and  Isabella  Streets 

North  and  Jackson  Streets 

Karr  Street  and  Lagonda  Ave- 
nue   

Kenton  and  Oak  Streets 

Lagonda  Avenue  and  Henry 
Street 


Potential  difference, 
volts 


Winter      Summer 


-0.6 

-1.03 

-0.3 

-0.13 

-0.64 

-0.56 

-1.3 

-0.49 

-1.15 

-0.39 

-0.8 

-0.84 

-0.2 

-0.31 

+0.2 

+0.17 

+0.43 

-0.2 
+0.02 
+0.05 
+0.24 

+0.32 

+0.73 
+0.08 

+0.6 


+0.32 

-0.14 
-0.66 
+0.03 
+0.18 

+0.12 

+0.21 
-0.13 

+0.74 


-0.58 

-0.09 

+0.09 

+0.04 

+0.  24 

+0.29 

-0.6 

+0.50 

+  1.0 

+0.92 

+0.4 

+0.51 

-0.7 

-0.48 

-0.75 

-0.50 

Location 


Lagonda  Avenue  and  Nelson 
Street 

Lagonda  Avenue  and  Warder 
Street 

Light  and  Main  Streets 

Limestone  Street  and  Lands- 
down  Avenue 

Limestone  Street  and  Madi- 
son Avenue 

Limestone  and  Main  Streets. 

Limestone  Street  and  Mc- 
Creight  Avenue 

Limestone  Street  and  Park- 
wood  Avenue 

Main  Street  (West)  and  Ohio 
Electric  tracks 

Main  and  Plum  Streets 

Main  and  Sigler  Streets 

Main  and  Sycamore  Streets.. 

Main  Street  and  Western 
Avenue 

Main  Street  and  Wittenberg 
Avenue 

Main  Street  and  Zischler 
Avenue 

McCreight  Avenue  and  Plum 
Street 

Mulberry  Street  and  Witten- 
berg Avenue 

North  and  Race  Streets 

Pleasant  and  Yellow  Springs 
Streets 

Plum  and  State  Streets , 

Power  and  Sycamore  Streets. 

Arithmetical  average — 


Potential  difference 
volts 


Winter     Summer 


+0.2 

+0.36 
+0.08 

+1.5 

-0.01 
+0.32 

-2.1 

-1.12 

+0.14 
+0.11 
+0.36 
+0.66 

+0.25 

+0.02 

+0.60 

-0.65 

-0.42 
+0.48 

-0.9 
-0.1 
-0.25 


0.51 


+0.19 


+0.11 
+0.24 


-0.06 
+0.11 

-0.63 

+0.04 

+0.06 
+0.08 
+0.58 
+0.53 

+0.48 

-0.16 

+0.59 

-0.46 

-0.42 
+0.36 

-0.40 
+0.14 
-0.01 


0.34 


The  positive  values  around  the  Springfield  power  house  were 
much  smaller  (0.36  to  0.11  volt  at  Lagonda  Avenue  and  Warder 
Street,  0.43  to  0.32  volt  at  Columbia  and  Sycamore  Streets,  and 
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0.66  to  0.53  volt  at  Main  and  Sycamore  Streets)  in  the  summer 
survey,  but  there  is  little  change  at  the  Ohio  Electric  station  (0.60 
to  0.59  volt  at  Main  and  Zischler  Streets  and  1.0  to  0.92  volts  at 
Isabella  and  North  Streets),  which  is  about  what  would  be  ex- 
pected from  the  load  curves,  there  being  an  increase  of  10  per  cent 
in  the  summer  load. 

A  number  of  readings  taken  during  the  winter  survey  (Table 
22)  show  the  water  and  gas  system  to  be  practically  at  the  same 
potential,  most  of  the  readings  being  a  few  millivolts.  There  is 
one  notable  exception,  at  171 2  North  Limestone  Street,  where  the 
gas  was  negative  to  the  water  main  1.92  volts.  This  indicates  the 
presence  of  a  high-resistance  joint  at  some  point  on  this  natural- 
gas  main.  At  the  next  service  south  the  potential  difference 
dropped  to  5  millivolts.  This,  in  general,  supports  the  practice 
of  measuring  from  water  main  to  rails,  since  fire  hydrants  furnish 
more  convenient  connection  points  than  are  found  on  the  gas 

mains. 

TABLE  22 

Potential  Differences — Gas  to  Water  Mains 

[Indicating  instrument  readings.    These  data  were  obtained  in  January,  1914.] 


Hour 

Location 

Potential 
difference 

Hour 

Location 

Potential 
difference 

M.V. 

M.V. 

3.43  p.  m. 

1906  West  Main  Street 

+52 

10.38  a.  m. 

1352  West  Pleasant  Street  . 

+  0. 130 

10.59  a.  m. 

31  South  Limestone  Street . 

-  1.2 

11.30  a.  m. 

1901  West  Main  Street 

+  0.3 

10.00  a.  m. 

1819  Lagonda  Avenue 

-  0.05 

1.20  p.  m. 

563  South  Limestone  Street 

-  4.3 

4.24  p.  m. 

518  North  Limestone  Street. 

+  1.43 

3.18  p.  m. 

1519  Clifton  Avenue 

+  1.5 

2.55  p.  m. 

1712  North  Limestone  Street 
1 708  North  Limestone  Street 

-  1.92  V. 

-  5 

2.06  p.  m. 

531-533  East  Street 

+  5.58 

805  East  High  Street 

-  2 

(b)  Comparative  Current  on  Mains. — The  Tables  15,  16,  and  17, 
containing  the  current  readings  on  water  and  gas  mains,  have 
been  rearranged  and  data  obtained  during  the  preceding  winter 
survey  added  in  the  last  two  columns.  A  correction  factor  has 
been  applied  to  the  summer  readings,  based  on  the  load  curve  of 
the  nearest  power  station,  reducing  the  figure  to  the  same  hour  at 
which  the  winter  reading  was  taken.  Of  the  17  readings  on  the 
water  mains  Table  23,  which  were  taken  in  both  surveys,  10  of 
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the  summer  readings  were  larger  than  the  corresponding  winter 
readings  and  4  others  are  practically  the  same.  The  average  for 
summer  is  1.81  amperes  and  1.55  for  winter.  Since  the  total 
winter  load  is  39  per  cent  greater  than  the  summer  load,  a  correc- 
tion must  be  applied  in  making  a  comparison,  and  when  this  is 
made  the  ratio  of  currents  for  similar  load  conditions  would  be 
1 .8 1  amperes  to  1.11,  or  the  summer  current  is  63  per  cent  larger. 

TABLE  23 

Comparative  Currents  in  Water  Mains 
[One-half-hour  galvanometer  readings] 


No. 


Location 


Mains 


Size       Kind 


Current 


Summer 


Amp. 


Direc- 
tion 


Winter 


Amp. 


Direc- 
tion 


Lincoln  Street  north  of  High  Street 

Cedar  and  Clifi  Streets 

Spring  Street,  on  Buck  Creek  Bridge 

Plum  Street  north  of  Columbia  Street 

Shaffer  Street  north  of  Columbia  Street 

Dayton  Avenue  and  High  Street 

Isabella  Street  north  of  Main  Street 

Main  Street  east  of  Freeman  Avenue 

Chestnut  Avenue  east  of  Limestone  Street. . 

Clifton  Avenue  north  of  Liberty  Street 

North  Street  west  of  Race  Street 

Fountain  Avenue  south  of  College  Avenue.. 
Pleasant  Street  west  of  Wittenberg  Avenue 

Spring  Street  north  of  High  Street 

High  and  Race  Streets 

Main  Street  and  Western  Avenue 

Main  Street  east  of  Spring  Street 


Inches 

16 
16 
12 
10 


CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 


3.58 
0.27 
4.49 
2.65 
1.54 
0.25 
3.78 
1.75 
0.49 
2.67 
1.15 
1.83 
1.62 
3.66 
0.17 
1.06 
0.00 


N 
W 

s 

N 
N 


N 
E 
W 


W 
N 
W 
N 
E 
E 


3.45 
0.42 
0.86 
0.58 
1.72 
0.79 
2.06 
3.72 
0.25 
0.87 
0.93 
0.80 
1.68 
5.85 
0.01 
0.69 
1.65 


N 
E 
S 
N 
N 
E 
N 
E 
W 

W 

N 
W 
N 
E 
W 
E 


Total 
Average . 


30.76 
1.81 


26.33 
1.55 


On  the  natural-gas  mains  (Table  24)  6  summer  readings  are 
larger  but  the  average  is  practically  the  same,  the  1  winter  read- 
ing of  common  magnitude,  8.15  amperes,  being  2/i  of  the  winter 
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total  of  1 1  readings.  Again,  considering  the  season  load  ratio  the 
summer  readings  are  practically  40  per  cent  larger  than  the 
corresponding  winter  values.  In  case  of  the  artificial-gas  mains 
(Table  25)  the  currents  are  too  small  to  be  considered  as  conclu- 
sive. The  values  obtained  here,  however,  indicate  the  same 
general  effect,  the  summer  average  being  0.29  ampere  on  the  10 
common  stations  as  compared  to  0.16  ampere  in  winter,  and  if 
the  load  ratio  is  applied  the  summer  current  is  relatively  two  and 
one-half  times  larger.  While  individual  readings  are  not  entirely 
consistent,  the  general  tendency  is  quite  definite  and  it  is  evident 
that  there  is  a  reduction  of  current  flow  on  underground  pipes  due 
to  the  high  resistance  accompanying  freezing  temperatures  in 
the  earth. 

TABLE  24 

Comparative  Currents  in  Natural-Gas  Mains 

[One -half -hour  galvanometer  readings] 


Location 

Current 

No. 

Summer 

Winter 

Size 

Kind 

Amp. 

Direc- 
tion 

Amp. 

Direc- 
tion 

1 

Inches 
6 
6 
3 
4 
6 
4 
4 
6 
6 
6 
3 

CI 
WI 
WI 
WI 
CI 
WI 
CI 
CI 
CI 
WI 
WI 

1.50 
0.00 
0.05 
4.73 
3.08 
0.01 
0.53 
0.52 
0.56 
1.01 
0.00 

W 

s 

E 
W 
E 
W 

N 
W 

N 

0.20 
0.25 
0.20 
8.15 
1.46 
0.00 
0.03 
0.29 
1.14 
0.39 
0.04 

W 

? 

N 

3 

s 

4 

E 

■> 

North  Street  and  Wittenberg  Avenue 

W 

6 

7 

Columbia  Street,  50  feet  east  of  Sycamore  Street. . 

W 

8 

N 

9 

W 

m 

N 

11 

Isabella  and  North  Streets 

N 

Total 

11.99 

1.09 

12.15 
1.10 
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TABLE  25 
Comparative  Currents  in  Artificial-Gas  Mains 

[One-half-hour  galvanometer  readings] 


No. 


Location 


Mains 


Size       Kind 


Current 


Summer 


Amp. 


Direc- 
tion 


Winter 


Amp. 


Direc- 
tion 


North  Fountain  Avenue,  opposite  gas  office 

Cliiton  Street  and  Clifton  Avenue 

High  and  Sigler  Streets 

Yellow  Springs  and  Pleasant  Streets 

High  and  Lowery  Streets 

High  and  Sycamore  Streets 

High  Street  and  Greenmount  Avenue 

Fountain  and  Madison  Avenues 

Woodlawn  and  College  Avenues 

Limestone  Street  at  Buck  Creek  Bridge. . . 


Inches 

6 

4 
12 
12 

2 

3 

8 

2 

8 

3 


CI 

WI 
WI 
WI 
CI 
CI 
WI 
CI 
WI 
WI 


0.04 
0.45 
0.00 
0.00 
0.01 
0.00 
2.41 
0.02 
0.00 
0.00 


0.01 
0.17 
0.12 
0.01 
0.00 
0.03 
1.14 
0.00 
0.09 
0.00 


S 
N 
W 
E 

N 
S 
E 

S 


Total.... 
Average . 


2.93 
0.29 


1.57 
0.16 


(c)  Current  in  Lead  Sheaths. — The  change  since  the  early  miti- 
gation work  in  the  current  on  the  telephone  lead  sheaths  is  not 
great,  but  current  is  being  taken  off  at  one  more  point,  the  extent 
of  underground  cables  has  increased,  and  potentials  are  smaller 
and  more  evenly  distributed.  It  is  anticipated  that  the  repairs  on 
North  Limestone  and  East  Main  Streets  when  completed  will 
permit  a  reduction  of  the  drainage  current  from  the  sheaths  and 
at  the  same  time  permit  these  cables  to  be  maintained  at  smaller 
negative  potentials  with  respect  to  neighboring  underground 
structures. 

(d)  Comparative  Rail  Gradients. — The  rail  gradients  were  taken 
with  entirely  different  objects  in  view  in  the  two  surveys,  those 
in  the  winter  being  taken  with  the  purpose  of  determining  the 
condition  of  the  track  return,  and  based  on  these  readings  recom- 
mendations were  made  to  improve  defective  sections  of  track. 
Since  this  was  known  to  have  been  done  in  most  places  it  was  not 
considered  necessary  to  install  the  many  pressure  wires  required 
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to  repeat  all  of  these  values  in  the  summer  survey  and  only  those 
necessary  to  determine  the  condition  of  the  insulated  feeder  sys- 
tem were  taken.  On  the  gradient  map,  Fig.  1 1 ,  the  winter  values 
are  shown  in  black  wherever  one  was  taken  over  the  same  length 
as  during  the  summer.  On  North  Limestone  Street,  West  North 
Street,  and  Lagonda  Avenue  gradients  are  practically  the  same  in 
both  surveys  with  quite  an  increase  on  South  Limestone  Street, 
and  decrease  on  East  Main  Street,  in  the  summer  survey.  The 
change  on  South  Limestone  is  probably  due  to  the  development  of 
defective  joints  on  this  line  while  the  improvement  on  East  Main 
Street  must  be  due  to  rebonding  in  this  section.  As  noted  before, 
all  uninsulated  track  gradients  are  well  below  0.4  volt  per  1000  feet 
and  are  considered  very  satisfactory. 

(e)  Comparative  Over-All  P/otentials. — The  winter  survey  values 
of  over-all  potentials  as  shown  by  the  second  report  are  not 
exactly  comparable,  since  the  tables  and  maps  contain  values  for 
the  average  schedule  traffic  and  not  the  all-day  average,  and  the 
points  of  pilot  wire  connection  were  not  always  the  same,  having 
been  extended  to  the  end  of  the  line  in  some  instances.  The 
winter  values  are  shown  on  the  map  in  Fig.  12  in  black  figures 
and  the  black  lines  indicate  differences  in  points  of  connection  of 
pressure  wires.  On  the  Springfield  Railway  lines  the  two  values 
appear  for  every  line  except  the  winter  reading  to  Snyder  Park, 
which  was  not  obtained.  Only  four  of  the  winter  values  are 
larger  than  the  summer  but  the  winter  average  for  all  points  is 
slightly  higher,  1.38  to  1.35  volts;  also  two  winter  lengths  were 
shorter,  i.  e.,  Lagonda  Avenue  and  Clifton  Avenue.  However, 
when  the  load  decrease  is  considered  it  indicates  that  sections  on 
Lagonda,  Belmont,  and  Clifton  Avenues  have  deteriorated  some- 
what since  the  winter  survey.  This  is  also  true  of  North  Lime- 
stone and  East  Main  Street,  on  the  Ohio  Electric  Railway  lines, 
where  the  summer  values  are  considerably  larger.  Since  the  load 
here  is  practically  constant,  the  temperature  coefficient  would 
increase  the  drop  in  summer  from  10  or  15  per  cent  and  on  Lime- 
stone a  greater  length  is  included.  This  track  was  undergoing 
repairs  at  the  time  of  survey,  as  pointed  out  before.  A  different 
reference  point  was   used  on  the    other  interurbans  so  that  an 
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exact  comparison  is  not  possible,  although  it  may  be  noted  that 
the  over-all  potentials  on  these  lines  are  of  the  same  order  of 
magnitude. 

VI.  RECOMMENDATIONS 

Electrolysis  conditions  in  Springfield  are,  on  the  whole,  good  at 
the  present  time,  but  as  indicated  above  there  are  certain  places 
where  improvement  in  the  tracks  is  required.  Certain  standards 
of  operation  and  maintenance  must  be  agreed  upon  and  these  en- 
forced through  the  medium  of  inspection  and  reports.  In  view  of 
the  fact  that  the  prevention  of  electrolysis  is  not  essential  to  the 
operation  of  a  railway  system,  it  is  very  often  neglected  and  for 
that  reason  some  method  of  supervision  is  generally  desirable. 
In  order  to  assure  the  maintenance  of  satisfactory  electrolysis 
conditions  through  succeeding  years,  we  wish  to  make  the  follow- 
ing recommendations  dealing  with  construction  and  administra- 
tion based  on  the  experimental  data  presented  above. 

A.  INSULATED  RETURN  FEEDERS 

It  is  earnestly  recommended  that  the  insulated  return  feeder 
system  be  maintained  in  good  operating  condition.  No  changes 
are  necessary  at  present  and  few  extensions  will  be  required  for  a 
number  of  years,  but  the  cables  and  resistance  units  should  be 
inspected  periodically. 

B.  IMMEDIATE  RAIL  BONDING 

With  a  new  roadbed  and  new  rails  on  East  Main  Street,  the 
500  000  circular  mils  cable  extending  from  Lincoln  Street  to  Bel- 
mont Avenue  may  be  re-covered,  which  will  reduce  the  losses  to  a 
certain  extent  in  the  insulated  return  feeders  and  should  improve 
conditions  around  the  Ohio  Electric  Railway  substation  as  well  as 
along  East  Main  Street.  There  are  other  sections  which  require 
additional  bonding,  notably  on  Limestone  Street  south  of  John 
Street  which  is,  like  the  East  Main  Street  section,  awaiting  per- 
manent street  paving. 
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C.  INTERCONNECTIONS 

Certain  points  where  high  local  gradients  may  be  reduced  and 
the  general  situation  improved  by  cross  connections  were  de- 
scribed in  detail  on  page  47  of  this  report.  They  are  simply 
enumerated  here: 

At  Main  Street  and  Lagonda  Avenue. 

At  Limestone  Street  and  McCreight  Avenue. 

From  Miama  Street  to  Yellow  Springs  Street  end  of 

Springfield  Railway  line. 
On  Washington  Street  from  interurban  tracks  to  Lime- 
stone Street. 
On  Landsdown  Avenue  from  Clifton  Avenue  to  Lime- 
stone Street. 
As  pointed  out,  these  may  be  installed  at  a  small  cost  which 
should  in  each  case  be  borne  jointly  by  the  two  railway  lines  con- 
nected, since  each  connects  two  different  lines  and  each  derives 
certain  benefits  especially  in  increased  conductivity  in  its  return. 

D.  EXTENSION  AND  MAINTENANCE  OF  PRESSURE  WIRE  SYSTEMS 

With  the  exception  of  the  one  pressure  wire  on  South  Lime- 
stone Street,  which  should  be  extended  to  Leffel  Lane,  the  system 
is  complete  and  it  is  urged  that  this  be  maintained  and  made  of 
regular  use.  It  should  be  inspected  and  a  simple  test  applied  to 
the  wires  to  determine  their  continuity  and  insulation.  Addi- 
tional wires  will  be  necessary  only  when  new  railway  lines  are 
constructed  in  new  directions  and  when  existing  railways  are 
extended. 

E.  DRAINAGE  METHODS 

Pipe  drainage  should  not  be  permitted  in  Springfield,  one  of 
the  most  evident  local  objections  being  due  to  the  high  resistance 
and  insulating  joints  in  the  pipe  system.3  The  lead  sheaths  per- 
mit a  small  amount  of  drainage  because  of  their  continuity  and 
rather  small  extent  but  must  not  be  overdrained  or  made  extremely 
negative  because  of  the  excessive  currents  resulting  and  the 
hazard  produced  to  pipes. 

=  Por  general  discussion,  see  Technologic  Paper  No.  52. 
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F.  UNDERGROUND  STRUCTURES 

The  owners  of  pipe  systems  can  improve  the  electrolysis  con- 
ditions by  several  methods — chiefly  by  laying  new  mains  and 
services  as  far  from  existing  tracks  as  possible,3  and  installing 
insulating  joints  in  new  mains  and  services  with  sufficient  fre 
quency  to  assure  no  high  potential  differences  across  them. 

G.  VOLTAGE  LIMITATIONS 

Since  the  measurement  of  over-all  potential  difference  is  one  of 
the  most  convenient  methods  of  determining  the  danger  of  the 
underground  systems  from  electrolysis,  limits  of  this  voltage 
should  be  set  to  define  the  values  permissible.  An  inspection  of 
the  over-all  potential  table  indicates  that  all  of  these  could  be 
limited  to  an  all-day  average  of  4  volts,  and  when  necessary 
repair  work  is  completed  a  limit  of  3  volts  all-day  average  would 
be  reasonable  and  this  value  is  recommended  for  all  lines  except 
the  North  Limestone  Street  line  of  the  Ohio  Electric  Railway, 
and  the  Springfield,  Troy  &  Piqua  line.  On  these  lines,  owing  to 
the  semi-insulated  character  of  the  track  construction,  a  limit  of 
4  volts  is  permissible. 

H.  STANDARDS  OF  BONDING 

In  order  to  insure  good  electrolysis  conditions  not  only  will  the 
over-all  potential  differences  have  to  be  limited  but  gradients 
over  shorter  lengths  must  not  become  excessive.  Since  high 
gradients  are  due  to  tracks  overloaded  with  current  or  having 
bad  bonds,  and  since  the  insulated  feeder  systems  and  track  inter- 
connection should  provide  good  current  distribution,  even  with 
considerable  growth,  only  the  bonding  needs  to  be  specified  to 
maintain  low  gradients. 

The  standard  of  bonding  which  should  be  maintained  can  be 
reached  by  annual  tests  and  repair  of  all  bad  bonds;  e.  g.,  those 
exceeding  the  resistance  of  10  feet  of  rail,  providing  the  rail  or 
joint  foundation  is  in  good  condition.  Bonds  on  joints  that  are 
vibrating  badly  under  traffic  will  fail  rapidly  and  there  are  certain 
sections  of  track  in  Springfield  which  must  be  watched  and  bonds 
replaced   frequently   until   the   roadbed   is   thoroughly   repaired. 

3  For  general  discussion,  see  Technologic  Paper  No.  s^- 
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The  East  Street  and  Lagonda  Avenue  lines  are  examples  of  sec- 
tions over  which  supervision  should  be  very  close. 

On  all  new  track  cross  bonds  should  be  installed  every  300  feet 
with  60-foot  rail  construction.  An  exception  may  be  made  in 
the  case  of  steel  tie  construction  where  the  ties  are  electric  welded 
to  the  rails  at  the  joints.  In  interurban  construction  cross  bonds 
should  be  used  as  frequently  as  recommended  above.  Since  loss 
due  to  theft  is  common  with  exposed  copper  bonds,  a  %-moh 
steel  strand  cross  bond  with  copper  terminals  welded  to  the  rails 
will  often  be  more  permanent  and  is  effective  and  of  sufficient 

conductivity. 

I.    ANNUAL  TESTS  AND  REPORTS 

The  companies  operating  the  railway  lines  should  be  required 
to  submit  annual  reports  showing  the  location  and  resistance  in 
equivalent  feet  of  rail  of  all  bad  joints.  Since  such  resistances 
expressed  in  equivalent  feet  of  rail  can  be  obtained  with  any  of 
the  standard  bond-testing  instruments  on  the  market,  they  should 
be  given  and  not  the  drop  across  the  joint  which  is  a  function  of 
the  current  flowing  as  well  as  the  resistance  of  the  joint. 

J.  SUPERVISION  OF  TESTS  AND  REPORTS 

It  is  very  desirable  that  the  city  retain  some  one  competent  to 
pass  on  these  bonding  reports,  check  up  the  values  given  in  the 
report,  to  measure  the  over-all  potentials,  and  suggest  any  other 
desirable  tests.  This  would  greatly  assist  in  maintaining  good 
electrolysis  conditions,  and  the  employment  of  such  an  expert  is 
recommended. 

VII.  SUMMARY 

The  foregoing  report  discusses  previous  electrolysis  surveys  and 
the  physical  conditions  which  affect  electrolysis  conditions  of  the 
city  and  public  utilities.  The  present  insulated  return  feeder 
system  is  described  in  considerable  detail  showing  size,  location, 
etc.,  of  feeders,  resistance  taps,  power  losses,  and  the  cost  of  opera- 
tion of  the  railways  as  affected  by  this  mitigation  system.  It  is 
shown  that  the  cost  of  operation  is  slightly  greater  than  before 
any  system  was  installed  but  less  than  with  the  first  insulated 
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return  system.  The  pressure  wires  by  which  the  over-all  poten- 
tial differences  may  be  measured  are  described  and  resistance 
given. 

The  data  of  the  most  recent  survey  are  given  in  detail  showing 
the  potential  differences  between  the  various  structures  and  along 
the  tracks,  and  the  stray  current  in  the  underground  pipes  and 
cable  sheaths.  These  data  are  also  compared  with  those  taken 
the  preceding  winter,  and  it  is  noted  that  low  temperatures, 
slightly  below  the  freezing  point,  do  affect  conditions  consider- 
ably, reducing  the  amount  of  stray  current  and  increasing  the 
potential  differences  between  the  tracks  and  the  pipes,  both  these 
effects  being  due  to  the  increased  soil  resistance. 

Recommendations  are  made  concerning  the  constructional 
details  of  the  utilities  and  the  administration  of  electrolysis  regu- 
lations by  the  city.  It  is  recommended  that  the  insulated  feeder 
system  be  continued  in  operation,  that  certain  improvement  in 
track  bonding  and  interconnection  be  made,  that  the  pressure 
wires  be  maintained,  that  no  pipe  drainage  be  resorted  to,  and 
that  the  pipes  laid  in  the  future  be  kept  as  far  as  practicable 
from  railway  tracks  and  have  enough  insulating  joints  to  mate- 
rially increase  their  resistance. 

Definite  over-all  voltage  limits  are  suggested  as  a  reasonable 
requirement  and  also  a  suitable  standard  of  bond  maintenance, 
these  conditions  to  be  determined  by  annual  tests  and  reports  to 
an  expert  employed  by  the  city. 

In  connection  with  the  work  in  Springfield,  the  Bureau  wishes 
to  acknowledge  the  cooperation  and  assistance  of  the  city  manager 
and  other  city  authorities,  including  the  water  department;  also 
of  the  Springfield  Gas  Co.,  Central  Union  Telephone  Co.,  Spring- 
field Railway  Co.,  Ohio  Electric  Railway  Co.,  Springfield,  Troy  & 
Piqua  Railway  Co.,  Springfield  &  Washington  Railway  Co.,  Spring- 
field &  Xenia  Railway  Co.,  and  of  Prof.  E.  O.  Weaver,  professor 
of  physics,  Wittenberg  College. 

Washington,  July  17,  191 5. 


DEPARTMENT    OF    COMMERCE 


Technologic  Papers 


OP  THE 


Bureau  of  Standards 

S.  W.  STRATTON,  Director 


No.  55 

SPECIAL   STUDIES   IN   ELECTROLYSIS   MITIGATION,   NO.   4 

A  PRELIMINARY  REPORT  ON  ELECTROLYSIS  MITIGATION  IN 

ELYRIA,  OHIO,  WITH  RECOMMENDATIONS  FOR 

MITIGATION 


BY 

BURTON  McCOLLUM,  Electrical  Engineer 

and 

K.  H.  LOGAN,  Assistant  Physicist 
Bureau  of  Standards 


ISSUED  JANUARY  22,  1916 


WASHINGTON 

GOVERNMENT  PRINTING  OFFICE 

1916 


£— 


ADDITIONAL  COPIES 

OF  THIS  PUBLICATION  MAT  BE  PROCURED  FROM 

THE  SUPERINTENDENT  OF  DOCUMENTS 

GOVERNMENT  PRINTING  OFFICE 

WASHINGTON,  D.  C. 

AT 

20  CENTS  PER  COPY 


Technologic  Paper  55 


*.  NORTH       C 


CLINTON     H\>w^        *VE 


X 


I 


Fig.  10. 

Electric    Railways 

Elyria-Ohio 


co*""***, 


Technologic  Paper  55 


[bjasncam! 


Fig.  10. 

Electric    Railways 

Elyria-Ohio 


5J^Te'£NTM  ST.  • 


SPECIAL  STUDIES  IN  ELECTROLYSIS  MITIGATION,  NO.  4 


A  PRELIMINARY  REPORT  ON  ELECTROLYSIS  MITIGATION  IN 
ELYRIA,  OHIO,  WITH  RECOMMENDATIONS  FOR  MITIGATION 


By  Burton  McCollum  and  K.  H.  Logan 


CONTENTS 

Page 

I.  Introduction 4 

II.  Present  electrolysis  conditions  in  Elyria 5 

1.  Over-all  voltage  conditions 5 

2 .  Potential  differences 7 

III.  Cause  and  remedy  of  present  conditions 10 

1.  Shortening  of  feeding  distances 10 

2 .  Interconnection  of  tracks 13 

3.  Importance  of  selecting  proper  type  of  return  system 13 

4.  Principles  of  the  insulated  negative  feeder  system 14 

IV.  Rearrangement  of  feeding  system 15 

V.  Interconnection  of  tracks  of  the  two  electric  railway  systems 16 

VI.  Detailed  calculation  of  insulated  negative  feeder  system 21 

1.  Basis  of  calculation 21 

(a)  Limiting  gradients 21 

(b)  Current  density  in  copper  cables 22 

(c)  Resistance  of  copper  cables 23 

2.  Details  of  feeder  system 23 

VII.  Over-all  potentials  under  proposed  plan 29 

VIII.  Energy  losses 31 

IX.  Potential  wires 38 

X.  Costs 41 

1.  Basis  of  calculation  of  installation  costs 41 

'       (a)  Substation  equipment 41 

(b)  Buildings 41 

(c)  Grounds 41 

(d)  Cost  of  moving  direct-current  feeder  cable 41 

(e)  Cost  of  installation  of  high-tension  transmission  line 41 

(/)  Cost  of  installing  resistance  tap 42 

(g)  Cost  of  installation  of  potential  wires. 42 

2.  Annual  operating  costs 42 

3.  Summary  of  initial  investment  and  operating  cost 43 

4.  Comparison  of  cost  of  the  proposed  system  with  that  of  a  negative 

booster 45 

XI.  General  summary 45 

3 


4  Technologic  Papers  of  the  Bureau  of  Standards 

I.  INTRODUCTION 

In  January,  1914,  the  Bureau  of  Standards  received  a  letter 
from  the  deputy  clerk  of  Elyria,  Ohio,  asking  for  information 
relative  to  the  electrolysis  investigations  of  the  Bureau  and 
requesting  assistance  in  drafting  a  law  regulating  electrolysis  in 
the  city  of  Elyria.  In  response  to  this  letter  one  of  the  present 
authors  was  sent  to  Elyria  to  confer  with  the  city  officials  in 
regard  to  the  subject  of  electrolysis  in  Elyria.  At  that  conference 
the  Bureau's  representative  advised  against  immediate  legislation, 
recommending  instead  that  an  engineering  investigation  of  the 
subject  be  made,  and  that  the  results  should  be  used  as  a  basis 
for  future  action  on  the  part  of  the  city  and  the  utilities  interested 
in  the  local  electrolysis  situation.  This  suggestion  was  adopted 
and  the  city  officials  of  Elyria  arranged  for  a  conference  between 
the  representative  of  the  Bureau  and  officials  of  the  Cleveland, 
Southwestern  &  Columbus  Railway  Co.  This  conference  was 
held  on  the  afternoon  of  February  1 3  in  the  offices  of  the  company 
in  Cleveland.  Arrangements  were  made  whereby  the  railway 
company  would  cooperate  with  the  Bureau  of  Standards  in 
making  a  careful  study  of  electrolysis  in  Elyria  and  vicinity. 
With  a  view  of  determining  what  measures  should  be  taken  for 
reducing  electrolysis  troubles  to  a  reasonable  minimum,  it  was 
arranged  that  the  railway  company  would  furnish  all  information 
that  might  be  required  in  regard  to  the  physical  condition  of  their 
plant,  and  this  information  was  later  supplied  in  response  to  a 
formal  request  by  the  Bureau  of  Standards. 

In  view  of  the  fact  that  the  railway  officials  did  not  have  avail- 
able any  recent  test  data  showing  the  electrical  conditions  pre- 
vailing in  the  track  return  and  underground  pipe  systems  in 
Elyria,  a  request  for  data  of  this  character  was  made  to  the  city 
officials,  and  the  latter  arranged  with  the  Logan  Natural  Gas  & 
Fuel  Co.,  which  supplies  natural  gas  to  Elyria,  to  make  an  elec- 
trolysis survey  and  provide  the  Bureau  with  such  information 
as  might  be  required  in  regard  to  the  present  electrolysis  condi- 
tions. This  survey  was  made  during  the  latter  part  of  March, 
1914,  by  R.  B.  Burr,  representing  the  Logan  Natural  Gas  &  Fuel 
Co.,  and  shortly  thereafter  the  data  obtained  were  forwarded  to 
the  Bureau  of  Standards. 
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II.  PRESENT  ELECTROLYSIS  CONDITIONS  IN  ELYRIA 
i.  OVER-ALL  VOLTAGE  CONDITIONS 

The  most  important  of  these  test  data  are  presented  below. 
Table  i  shows  the  over-all  potential-difference  measurements 
taken  between  remote  points  on  the  tracks  of  the  two  lines  within 
the  city  of  Elyria  and  between  the  tracks  of  the  Cleveland,  South- 
western &  Columbus  Railway  and  the  Lake  Shore  Electric  Rail- 
way at  two  places.     Table  i  also  shows  over-all  voltage  measure- 
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ments  between  the  tracks  near  the  power  house  and  the  points 
where  the  Cleveland,  Southwestern  &  Columbus  tracks  intersect 
the  corporation  line.  These  measurements  are  also  shown  in 
Fig.  i.  The  figures  shown  here,  and  those  that  follow,  represent 
the  algebraic  average  values  for  the  period  during  which  the 
readings  were  taken.  The  algebraic  average  is  given  because 
this  figure  is  a  better  criterion  of  the  actual  danger  from  corrosion 
of  underground  structures  than  any  arithmetical  average.  In 
most  cases  the  over-all  voltage  measurements  did  not  cover  the 
full  24-hour  period,  but  for  the  most  part  the  values  given  are  sub- 
stantially the  same  as  the  24-hour  averages  would  be,  a  fact  made 
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evident  by  comparing  the  hours  covered  by  the  charts  with  the 
car  schedules  of  the  different  lines.  In  order  to  give  an  idea  of 
the  range  of  voltage  drop  to  be  expected,  we  have  also  given,  in 
Table  i,  the  values  of  over-all  potential  differences  for  the  maxi- 
mum hour  and  for  the  highest  15 -minute  period,  as  shown  by  the 
recording  charts. 

TABLE  1 
Over-all  Potential  Measurements,  Elyria,  Ohio,  March  16-21,  1914 

A.  MEASUREMENTS  WITHIN  CITY  LIMITS 


Location  of  points  between  which  readings  were  taken.    First  point 
positive  to  second  point 


Observed  average  voltages 


For 

period  of 

chart 


For 

maximum 
hour 


For 

highest 

15-minute 

period 


Lake  Avenue  and  north  corporation  line  to  Middle  Avenue  and  Sixteenth 
Street 

Lake  Avenue  and  north  corporation  line  to  Court  Street  north  of  Third 
Street 


Cleveland  Street  and  Abbey  Road  to  Lake  Avenue  and  north  corporation 

line 

Cleveland  Street  and  Abbey  Road  to  Court  Street  north  of  Third  Street.. 
Cleveland  Street  and  Abbey  Road  to  Middle  Avenue  and  Sixteenth  Street. 
Lake  Shore  Electric  Railway  at  alley  north  of  Clinton  to  Lake  Avenue  and 

north  corporation  line 

Lake  Shore  Electric  Railway  at  alley  north  of  Clinton  to  Middle  Avenue 

and  Sixteenth  Street 

Lake  Shore  Electric  Railway  at  alley  north  of  Clinton  to  Fremont  and 

Lodi  Streets 

Fremont  and  Lodi  Streets  to  Court  Street  north  of  Third  Street 

Court  Street  north  of  Third  Street  to  Middle  Avenue  and  Sixteenth  Street. 


15.8 

9.1 

2.5 
11.7 
19.7 

2.7 

15.9 

3.7 
16.3 
7.1 


30.0 

16.0 

11.0 
27.5 

33.0 

4.9 

22.0 

5.0 
42.5 
11.0 


35.0 

24.0 

22.0 
32.0 
35.0 

8.3 

27.0 

8.0 
50.0 
14.0 


B.  MEASUREMENTS  REFERRED  TO  TRACKS  AT  POWER  HOUSE 


Lake  Avenue  and  north  corporation  line  to  tracks  at  power  house 

Cleveland  Street  and  Abbey  Road  to  tracks  at  power  house 

Middle  Avenue  and  Sixteenth  Street  to  tracks  at  power  house 

Cleveland,  Southwestern  &  Columbus  Railway  tracks  at  Fuller  Street  to 
Middle  Avenue  and  Sixteenth  Street 


29.0 

42.5 

26.4 

40.0 

9.6 

16.0 

4.3 

9.0 

50.0 
50.0 
18.0 


An  examination  of  Table  1  shows  that  the  over-all  potential 
differences  reach  very  high  values,  the  highest  average  value 
observed  within  the  city  limits  being  between  Cleveland  Street 
and  Abbey  Road  and  Sixteenth  Street  and  Middle  Avenue. 
The  average  value  here  is  19.7  volts,  while  the  value  for  the 
maximum  hour  is  33  volts,  and  for  the  highest  15-minute  period 
35  volts.  Most  of  the  values  in  the  table  are  seen  to  be  very 
high,  and  indicate  the  necessity  for  radical  reduction  in  the 
over-all  voltage  drops  in  order  to  safeguard  the  underground 
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pipe  and  cable  systems.  A  particularly  bad  condition  is  found 
in  the  vicinity  of  Broad  and  Court  Streets,  where  the  potential 
difference  between  the  tracks  of  the  Lake  Shore  Electric  Railway 
and  the  Cleveland,  Southwestern  &  Columbus  Railway  shows  an 
average  value  of  16.3  volts,  while  the  average  for  the  maximum 
hour  is  42.5  volts,  and  for  the  highest  15-minute  period  50  volts. 
Since  the  distance  between  these  tracks  is  but  a  few  hundred 
feet,  this  represents  a  very  serious  condition,  which,  however, 
can  be  easily  and  cheaply  remedied  by  tying  the  tracks  of  the 
two  systems  together  as  indicated  later. 
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2.  POTENTIAL  DIFFERENCES 

The  potential  differences  between  pipes  and  rails  given  in 
Table  2  also  show  very  high  values,  and  further  evidence  the 
need  for  improvement  in  the  negative  return.  The  potential 
differences  were  for  the  most  part  taken  for  a  period  of  one  hour 
during  average  load  conditions.  Table  2  gives  the  average  of 
both  positive  and  negative  readings  in  each  case,  and  the  total 
duration  of  the  positive  and  negative  readings.  The  positive 
sign  indicates  that  the  pipes  are  positive  to  the  tracks.     The  last 
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column  gives  the  algebraic  average  values  for  the  entire  period 
of  the  test.  It  is  this  figure  that  is  most  important  and  the  one 
that  has  been  used  in  Fig.  2.  An  examination  of  Table  2  and 
Fig.  2  shows  that  large  differences  of  potential  exist  between 
pipes  and  tracks  throughout  the  greater  part  of  the  city.  On 
Lake  Avenue,  and  also  on  East  Bridge  Street,  the  readings  reverse 
repeatedly,  but  tend  toward  the  negative  for  the  most  part,  as 
shown  by  the  column  giving  the  algebraic  averages.  On  Broad 
Street,  however,  and  the  entire  region  south  of  there,  the  pipes 
have  become  definitely  positive  to  tracks,  becoming  more  strongly 
positive  as  the  power  house  is  approached.  The  values  of  the 
potential  differences  recorded  in  the  positive  area  south  of  Broad 
Street  range  from  2  to  9  volts,  and  are  so  high  as  to  indicate 
serious  danger  to  the  underground  metallic  structures.  While 
the  potential  differences  are  not  an  absolutely  definite  criterion 
as  to  the  danger  to  the  pipes,  still,  under  ordinary  conditions, 
these  values  should  be  reduced  to  at  most  one-tenth  of  their 
present  magnitude  before  we  would  consider  that  a  reasonably 
safe  condition  of  the  pipes  would  be  assured. 

TABLE  2 
Potential  Differences  Between  Water  Pipes  and  Rails,  Elyria,  Ohio,  Mar.  17-21,  1914 


Location 


Cleveland  Street  and  Abbey  Road . . 
Cleveland  Street  and  Beebe  Court. . 

Cleveland  and  Olive  Streets 

Cleveland  and  Homer  Streets 

Cleveland  and  Gulf  Streets 

Francis  grocery,  East  Bridge  Street. 

East  Broad  and  East  Bridge  Streets 

East  Broad  Street  and  East  Avenue 

Broad  and  Court  Streets 

Third  Street  and  Cheapside 

Fifth  Street  and  Middle  Avenue. . . 

Seventh  Street  and  Middle  Avenue 


Observed  voltages  and 
time  involved 


Voltages       Minutes 


-4.77 

59 

-3.13 

50 

-5.72 

52 

-8.26 

60 

-7.2 

58 

+1.1 

4 

-3.65 

55 

+  1.8 

27 

-2.35 

31 

+  2.21 

40 

-2.35 

15 

+  3.33 

43 

-2.53 

12 

+3.75 

50 

-1.79 

5lA 

+4.08 

51 

-1.13 

7 

+4.38 

56 

-1.39 

5 

Weighted 
algebraic 
averages 


-4.77 

-3.13 

-5.72 

-8.26 

-7.2 

-3.34 

.42 

+  .965 

+  .204 

+3.2 

+3.45 

+3.92 
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TABLE  2— Continued 

Potential  Differences  Between  Y/ater  Pipes  and  Rails,  Elyria,  Ohio,  Mar.   17-21, 

1914 — Continued 


Location 


Ninth  Street  and  Middle  Avenue 

Eleventh  Street  and  Middle  Avenue 

Thirteenth  Street  and  Middle  Avenue 

Sixteenth  Street  and  Middle  Avenue 

Fire  plug  opposite  car  barns 

East  Avenue  and  Sixteenth  Street 

1375  East  Avenue 

150  feet  north  of  L.  S.  &  M.  S.  Railway  on  Lodi  Street 

West  Avenue  and  Lodi  Street 

Kaiser  Court  and  Lodi  Street 

50  feet  east  of  L.  S.  &  M.  S.  Railway  curve  on  Lodi  Street 

Erie  Street  and  L.  S.  &  M.  S.  Railway 

Dewey  Street  and  L.  S.  &  M.  S.  Railway 

North  507  Bond  Street 

Belle  Avenue  and  L.  S.  &  M.  S.  Railway 

Lake  Avenue  and  East  Erie 

Lake  Avenue  and  Dewey  Avenue '. 

Lake  Avenue  and  Spruce  Street 

Lake  Avenue  and  Walnut  Street 

Lake  Avenue  and  Woodland  Avenue 

Broad  and  Chestnut  Streets 

Water  and  West  Bridge  Streets 

Lake  Avenue  and  West  River  Street 

Lake  Avenue  and  School  Street 

Broad  Street  and  West  Avenue 


Observed  voltages  and 
time  involved 

Weighted 
algebraic 

Voltages 

Minutes 

averages 

+4.  26 

49 

+3.96 

-1.39 

2M 

+  4.4 

55 

+3.94 

-1.83 

4M 

+6.26 

54 

+6.06 

-  .95 

1 

+7.73 

57 

+  7.73 

+9.21 

60 

+9.21 

+  7.57 

56 

+  7.57 

+  7.05 

56 

+6.38 

-3.6 

3M 

-7.22 

29 

-7.22 

-9.46 

35 

-9.46 

+  .27 

2}4 

-5.16 

-5.59    • 

27 

+  1.5 

VA 

-5.72 

-7.33 

24 

+  1.15 

1 

-7.1 

-7.46 

25 

+  1.41 

4 

-6.3 

-7.51 

25 

+  1.36 

2?£ 

-6.7 

-7.54 

26 

+  1.16 

5 

-4.69 

-5.86 

25 

+  1.6 

15 

-2.92 

-5.56 

26 

+  1.36 

12 

-3.52 

-5.34 

33 

+  1.67 

11 

-3.63 

-5.41 

32 

+  1.77 

VA 

-3.8 

-4.8 

25 

+  1.42 

25 

-4.08 

-5.35 

49 

+  1.56 

32 

-  .354 

-2.85 

24 

+  1.63 

29 

-  .476 

-2.51 

30 

+  1.35 

11 

-2.38 

-4.16 

24 

+  1.4 

17 

-2.37 

-5.01 

24 

+  2.57 

41 

+  .93 

-2.61 

19 
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III.  CAUSE   AND    REMEDY    OF   PRESENT    CONDITIONS 

The  foregoing  data  indicate  that  considerable  trouble  is  to  be 
expected  from  electrolysis  from  stray  currents  under  present  con- 
ditions, and  this  is  borne  out  by  the  testimony  of  city  officials 
and  representatives  of  the  gas  company  to  the  effect  that  a  good 
deal  of  trouble  has  been  experienced.  In  order  to  determine 
whether  the  trouble  is  due  in  any  appreciable  measure  to  bad 
track  conditions  within  the  city  of  Elyria,  we  have  made  a  com- 
parison of  the  observed  over-all  potential  measurements  with  the 
values  calculated  from  the  known  load  on  the  lines,  assuming 
perfect  bonding  of  the  tracks.  The  calculated  values  agree  very 
closely  with  the  observed  values,  the  latter  being  somewhat 
smaller,  as  would  be  expected,  due  to  leakage  from  the  tracks. 
The  comparison  shows  beyond  doubt  that  the  high  voltages  are 
not  due  primarily  to  bad  track  bonding,  but  to  the  fact  that  the 
rails  are  being  worked  at  far  too  high  a  current  density,  so  that 
the  remedy  to  be  applied  must  be  directed  toward  taking  the 
current  from  the  tracks  at  such  points  as  will  reduce  the  potential 
drop  therein  to  the  desired  safe  limit. 

The  reduction  of  potential  drops  in  the  tracks  in  Elyria  can 
best  be  accomplished  by  the  joint  use  of  three  remedial  measures. 
The  first  and  most  important  of  these  is  the  reduction  of  feeding 
distances,  both  in  the  Cleveland  and  Penfield  branches.  The  second 
is  the  electrical  interconnection  of  the  tracks  of  the  Cleveland, 
Southwestern  &  Columbus  Railway  and  the  Lake  Shore  Electric 
Railway  at  points  within  the  city  of  Elyria,  at  which  they  ap- 
proach each  other  closely.'  The  third  measure  consists  in  the 
installation  of  properly  designed  insulated  negative  feeders  after 
the  manner  described  later.  The  application  of  these  three  miti- 
gative  measures  to  conditions  existing  in  Elyria  is  described  in 
detail  later  in  this  report. 

1.  SHORTENING  OF  FEEDING  DISTANCES 

Shortening  the  feeding  distances  on  both  the  Cleveland  and 
Penfield  branches  is  of  prime  importance  from  the  standpoint  of 
satisfactory  and  economical  car  operation  and  electrolysis  mitiga- 
tion.    The  growth  of  the  traffic  on  both  these  lines  has  reached  a 
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point  where  it  will  be  necessary  very  soon,  solely  on  account  of 
operating  conditions,  to  reduce  these  feeding  distances  in  order  to 
maintain  adequate  voltages  at  the  cars  at  a  reasonable  operating 
cost.  On  the  Cleveland  line  the  nearest  station  to  the  power 
house  is  at  Rockport,  1 8  %  miles  distant.  This  is  too  long  a  feeding 
distance  for  the  character  of  the  service  maintained  on  these  lines, 
which  at  present  includes  an  hourly  local  service  each  way,  a 
limited  car  every  two  hours  during  the  daytime  (with  occasional 
extras) ,  and  express-car  service.  It  is  apparent  that  the  company 
will  shortly  find  it  necessary  to  install  an  additional  substation 
between  Rockport  and  Elyria  for  operating  purposes  alone,  and 
when  this  is  installed  it  will  greatly  simplify  and  cheapen  the 
mitigation  of  electrolysis  troubles  in  Elyria.  On  the  Penfield 
branch  the  Elyria  power  house  is  at  present  supplying  the  entire 
line  between  Court  Street  and  the  Penfield  substation.  The  rea- 
son for  this  is  that  the  Penfield  substation  has  not  sufficient 
capacity  to  permit  it  to  carry  the  Amherst  and  Lorain  divisions 
and  also  its  proper  share  of  the  Penfield-Elyria  division.  This 
results  in  the  Elyria  power  house  supplying  current  to  this  entire 
line,  a  distance  of  over  7  miles.  This  distance  could  be  reduced 
very  greatly  if  arrangements  were  made  for  supplying  half  of  the 
Elyria-Penfield  division  from  the  Penfield  substation.  In  order 
to  accomplish  this,  the  capacity  of  the  station  would  need  to  be 
increased  by  about  150  kilowatts,  or  arrangements  made  for 
reducing  the  amount  of  power  supplied  by  this  station  to  either 
the  Amherst  or  the  Lorain  branches.  Either  of  these  plans  may  be 
adopted,  but  the  former  has  been  made  the  basis  for  the  estimates 
Contained  in  a  later  part  of  this  report.  While  150  kilowatts 
increase  in  capacity  would  be  sufficient  for  present  purposes,  it  is 
probably  not  desirable  to  install  so  small  a  unit  as  this,  a  larger 
unit  of,  say,  300  kilowatts  capacity  being  preferable  to  allow  for 
future  growth  of  traffic. 

The  new  substation  proposed  for  the  Elyria-Cleveland  branch 
should  be  located  preferably  somewhere  in  the  vicinity  of  Chest- 
nut. This  is  not  quite  the  middle  point  of  the  line,  but  in  view 
of  the  fact  that  it  is  planned  to  extend  the  high-tension  transmis- 
sion line  from  Rockport  to  the  proposed  substation  it  will  be 
more  economical  to  place  the  station  somewhat  east  of  the  middle 
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point  between  the  two  present  stations.  All  of  the  calculations 
contained  in  the  latter  part  of  this  report  are  based  on  the  assump- 
tion that  this  proposed  station  is  to  be  located  at  Chestnut,  a 
distance  of  about  50  200  feet  from  the  Rockport  substation. 

The  reduction  of  the  feeding  distances  by  the  means  above  indi- 
cated yield  a  number  of  important  benefits.  Among  these  may 
be  mentioned  better  voltage  at  the  cars,  better  car  lighting,  and 
increased  reserve  capacity  with  correspondingly  better  service 
insurance.  Calculations  given  in  detail  will  show  that  the  above- 
mentioned  changes  in  the  feeding  distances  would  bring  about  a 
reduction  of  about  70  kilowatts  in  the  total  power-loss  average 
for  the  24-hour  period,  which  saving  has  an  annual  value  to 
the  railway  company  of  about  $6780.  This  70-kilowatt  average 
reduction  in  power  loss  corresponds  to  about  200  kilowatts 
saving  during  the  maximum-load  periods,  and  this  alone  gives 
rise  to  an  increase  in  reserve  capacity  of  about  200  kilowatts  in 
the  present  stations.  In  addition  to  this  the  plan  contemplates 
the  installation  of  600  kilowatts  extra  station  capacity,  giving  a 
total  of  800  kilowatts  net  increase  in  reserve  capacity  of  the  plant 
supplying  the  Penfield  and  Cleveland  branches. 

The  shortening  of  the  feeding  distances  brings  about  very 
great  improvement  in  the  electrolysis  conditions  both  in  Elyria 
and  on  the  20-inch  main  between  Elyria  and  the  pumping  plant, 
because  it  greatly  reduces  the  drop  of  potential'  in  the  rails  as 
well  as  the  length  over  which  these  potential  drops  persist.  This 
reduction  in  potential  drops  in  the  rails  further  greatly  reduces 
the  amount  of  copper  that  would  otherwise  be  required  in  the 
negative  feeder  installation  in  order  to  bring  the  potential  drops 
throughout  the  city  of  Elyria  within  safe  limits. 

In  addition  to  the  above,  the  installation  of  a  new  substation 
at  Chestnut  makes  it  practicable  to  remove  one  of  the  present 
positive  feeders  extending  between  the  Elyria  power  house  and 
the  point  about  8}4  miles  east  on  the  Cleveland  line,  since,  owing 
to  the  great  reduction  of  current  supplied  to  this  line  by  the 
Elyria  station,  the  remaining  feeders  would  be  ample  to  carry 
the  load  with  much  larger  reserve  capacity  than  exists  under 
the  present  conditions  with  all  the  feeders  in  place.     This  feeder, 
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consisting  of  814  miles  of  300  000  circular  mil  cable,  supplies  ample 
feeder  copper  for  all  of  the  negative  return  cables  that  will  be 
required  under  the  proposed  system,  so  that  no  purchase  of  addi- 
tional copper  is  contemplated. 

2.  INTERCONNECTION  OF  TRACKS 

At  the  present  time  there  is  no  connection  between  the  tracks 
of  the  Cleveland,  Southwestern  &  Columbus  Railway  to  the 
Lake  Shore  Electric  Railway  in  Elyria.  These  tracks  approach 
quite  closely  to  each  other,  particularly  where  they  cross  West 
Street  and  again  at  Mill  Street,  and  they  run  very  roughly  parallel 
between  those  two  points.  Since  the  current  flow  in  the  two 
tracks  in  these  parallel  sections  is  in  the  opposite  direction,  it 
inevitably  tends  to  set  up  large  potential  differences  between  the 
tracks,  thus  giving  rise  to  heavy  cross  currents  in  the  earth  which 
may  get  onto  the  pipes  and  cause  injury.  It  is  proposed  to  inter- 
connect the  tracks  electrically  at  West  Street  and  on  Mill  Street. 
These  interconnections  will  permit  an  interchange  of  current 
between  the  two  tracks  which  will  prevent  the  current  from 
flowing  in  opposite  directions  in  the  two  parallel  sections,  thus 
greatly  reducing  stray  currents.  It  will  also  reduce  the  effective 
value  of  the  current  on  both  of  the  tracks,  thus  reducing  to  some 
extent  the  energy  losses  of  both  lines. 

3.  IMPORTANCE   OF   SELECTING   PROPER   TYPE   OF   RETURN   SYSTEM 

It  has  heretofore  been  generally  considered  by  railway  engineers 
that  to  maintain  the  very  low  voltage  drops  in  the  tracks  that 
are  necessary  to  reduce  electrolysis  to  a  substantially  negligible 
amount  would  require  so  much  copper  in  the  negative  return 
system  that  the  cost  would  be  prohibitive  in  most  cases.  This 
idea  has  become  prevalent  because  the  estimates  usually  made 
are  based  on  the  use  of  the  ordinary  type  of  uninsulated  negative 
feeders  which  are  connected  in  parallel  with  the  tracks.  With 
this  system  the  feeders  increase  the  conductivity  of  the  tracks  in 
proportion  to  the  cross  section  of  copper  installed.  Further,  the 
drop  of  potential  on  the  cables  can  not  be  greater  than  the  drop 
on  the  tracks,  since  the  two  are  connected  electrically  in  parallel 
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throughout.  In  order  to  work  copper  cables  economically  it  is 
necessary  to  use  a  current  density  of  at  least  several  hundred 
amperes  per  million  circular  mils,  which  means  a  voltage  drop  of 
several  volts  per  iooo  feet  in  the  cables.  Experience  has  shown, 
however,  that  track  gradients  of  this  magnitude  are  altogether 
too  high  when  viewed  from  the  standpoint  of  safety  to  the  pipes, 
so  that  if  uninsulated  feeders  are  installed,  it  is  impossible  to 
secure  at  the  same  time  adequately  low  voltage  conditions  and 
economical  use  of  the  feeder  cooper. 

We  concur  in  the  view  that,  if  the  ordinary  uninsulated  type  of 
feeder  system  be  used,  the  cost  of  maintaining  voltage  drops  in 
the  tracks  low  enough  to  prevent  material  electrolysis  on  the 
pipes  will  be  excessive.  If  the  desired  low-voltage  conditions  are 
to  be  maintained  at  a  reasonable  cost  for  copper  it  is  necessary  to 
adopt  some  type  of  return  system  whereby  the  drop  in  the  tracks 
can  be  kept  independent  of  the  drop  in  the  cables,  so  that  the 
cables  can  be  worked  at  the  high-current  densities  which  economy 
demands,  while  at  the  same  time  the  potential  differences  in  the 
tracks  are  kept  very  low.  This  result  can  readily  be  accom- 
plished by  the  use  of  insulated  negative  feeders,  and  by  adopting 
this  construction  any  desired  reduction  in  track  voltages  can  be 
secured  at  a  small  fraction  of  the  cost  that  would  be  required  by 
the  ordinary  type  of  uninsulated  feeders.  Furthermore,  this 
system,  when  properly  installed,  does  not  introduce  any  operating 
complications,  and,  as  will  appear  later,  in  the  present  case  no 
increase  in  energy  losses  in  the  negative  return  will  be  involved. 
The  recommendations  contained  in  the  following  report,  there- 
fore, contemplate  the  use  of  insulated  feeders  wherever  negative 
feeders  of  any  kind  are  necessary. 

4.  PRINCIPLES  OF  THE  INSULATED   NEGATIVE  FEEDER  SYSTEM 

The  principles  upon  which  the  insulated  feeder  system  recom- 
mended for  Elyria  depends,  together  with  a  discussion  of  other 
methods  of  electrolysis  mitigation  included  in  the  original  report 
to  the  officials  of  Elyria,  has  been  omitted  from  this  published 
report  because  these  discussions  are  now  available  in  a  more 
complete  form  in  Technologic  Paper  No.  52,  Methods  of  Elec- 
trolysis Mitigation. 
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IV.  REARRANGEMENT    OF   FEEDING   SYSTEM 

The  present  feeding  system  for  the  Elyria-Cleveland  and  Elyria- 
Penfield  lines  is  shown  in  Fig.  3,  the  red  lines  indicating  the 
present  feeding  limits.  The  present  direct-current  rated  capacity 
of  the  Elyria  station  is  1500  kilowatts,  of  the  Rockport  station 
600  kilowatts,  and  of  the  Penfield  substation  500  kilowatts.  It 
is  recommended  that  arrangements  be  made  for  permitting  the 
Penfield  substation  to  feed  one-half  of  the  Penfield-Elyria  line, 
preferably  by  increasing  its  capacity  by  at  least  1 50  kilowatts,  or 
more  if  the  company  so  desires.  The  Elyria-Cleveland  line  is  to 
be  taken  care  of  by  an  additional  substation  of  300  kilowatts 
capacity  located  at  Chestnut.  Under  this  plan  the  feeding  dis- 
tances of  the  different  stations  will  be  as  shown  in  Fig.  3  by  the 
green  lines.  In  this  case  it  will  be  noted  that  both  the  Elyria 
and  Penfield  stations  each  feed  one-half  of  the  track  section  between 
Elyria  passenger  station  on  Court  Street  and  the  Penfield  substa- 
tion. The  proposed  substation  at  Chestnut  feeds  halfway  between 
Chestnut  and  Rockport  and  considerably  more  than  halfway 
between  Chestnut  and  Elyria  power  house.  This  latter  is  because 
electrolysis  mitigation  in  Elyria  makes  it  much  more  economical 
to  feed  as  far  as  practicable  from  the  east,  so  as  to  reduce  the 
amount  of  current  that  is  to  be  returned  to  the  Elyria  power  sta- 
tion through  the  heart  of  the  city  of  Elyria,  where  the  under- 
ground utilities  are  highly  developed.  All  calculations  are  based 
on  the  assumption  that  the  feeders  and  bus-bar  voltages  at  the 
different  stations  are  so  adjusted  that  on  the  average  the  region 
about  Gulf  Street  and  Cleveland  Street  will  constitute  approxi- 
mately the  neutral  zone  between  the  Elyria  and  Chestnut  stations. 
An  examination  of  the  figures  showing  the  distances  of  feed  on 
either  side  of  the  Chestnut  station  shows  that  it  is  designed  to 
supply  current  to  about  59  300  feet  of  track.  As  will  be  shown 
later,  the  average  current  originating  in  this  line  corresponds  to 
about  5.38  amperes  per  1000  feet^  so  that  this  station  will  be 
called  on  to  supply  an  average  of  about  318  amperes.  This  corre- 
sponds to  a  maximum  demand  of  approximately  700  amperes,  or 
420  kilowatts  at  600  volts.  A  station  of  300  kilowatts  capacity 
would  therefore  be  ample  to  take  care  of  present  conditions,  and 
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this  size  has  been  used  as  a  basis  for  the  figures  given  later  in 
this  report.  If  it  is  deemed  desirable  by  the  management  to 
install  a  larger  machine  at  this  time  to  take  care  of  future  growth 
of  traffic,  this  might  well  be  done,  but  any  excess  cost  on  that 
account  should  be  charged  to  future  growth,  and  consequently 
should  not  be  considered  in  the  present  problem  of  electrolysis 
mitigation. 

The  power  supply  to  the  proposed  Chestnut  substation  would 
probably  be  over  a  high-tension  transmission  line  from  the  Rock- 
port  substation.  The  cost  estimate  for  this  line  given  later  in 
this  report  is  based  on  13  000  volt  construction,  but  this  estimate 
will  not  be  materially  affected  by  any  variation  in  the  voltage 
adopted  within  the  limits  imposed  by  good  practice  for  this  kind 
of  transmission.  A  single  three-phase  line  is  planned,  since 
absolute  continuity  of  service  is  not  demanded.  If  the  line 
should  be  temporarily  put  out  of  service,  as  it  might  be  on  rare 
occasions,  the  cars  could  still  be  run  nearly  as  well  as  they  are 
at  the  present  time,  so  that  the  slight  disturbance  that  would 
result  would  hardly  justify  the  expense  of  a  duplicate  transmission 
line.  No.  4  wire  is  specified  in  the  estimates  for  insuring  ample 
mechanical  strength,  although  this  is  much  larger  than  is  needed 
to  carry  the  small  load  of  300  to  400  kilowatts  which  will  be 
demanded  of  this  line.  Additional  specifications  for  this  line  are 
given  later  in  connection  with  the  cost  estimates. 

V.  INTERCONNECTION    OF   TRACKS    OF   THE   TWO    ELEC- 
TRIC  RAILWAY   SYSTEMS 

There  are  operating  in  Elyria  two  separate  electric  railway  lines 
which  do  not  intersect,  but  which  approach  quite  close  to  each 
other  at  certain  points.  This  is  shown  in  Fig.  3,  which  gives  the 
track  layout  for  Elyria  and  vicinity.  The  power  houses  supply- 
ing these  two  lines  are  located  so  that  the  current  in  the  tracks 
in  those  lines  which  are  approximately  parallel  flow  in  opposite 
directions,  and  this  condition  is  one  which  greatly  increases  the 
danger  from  electrolysis.  This  is  illustrated  by  Fig.  4,  in  which 
the  black  arrows  indicate  the  direction  of  current  flow  in  the 
different  tracks.  It  will  be  obvious  that  since  the  fall  of  potential 
in  the  two  tracks  is  in  opposite  directions,  it  will  be  impossible 
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for  adjacent  points  of  the  two  lines  to  be  at  the  same  potential, 
and  hence  cross  currents  will  be  set  up  in  the  earth  between  the 
two  lines,  and  these  may  get  into  the  pipe  systems  and  ultimately 
cause  injury.  If,  for  example,  we  consider  two  points  on  the  two 
lines,  such  as  c  and  d,  which  may  at  any  particular  time  be  at  the 
same  potential,  there  would  be  no  tendency  for  current  to  flow 
directly  across  between  these  two  points.  If  we  proceed  south- 
east from  the  point  d,  however,  the  potential  of  the  tracks  rises 
because  the  current  flow  is  toward  the  north,  and  the  farther 
south  we  go  the  higher  the  potential  of  the  tracks  becomes  till 
the  end  of  the  line  is  reached.  Going  southeast  from  the  point  c, 
however,  the  potential  of  the  Cleveland,  Southwestern  &  Columbus 
Railway  tracks  is  falling,  since  we  are  going  in  the  direction  of 
current  flow.  It  is  evident,  therefore,  that  the  farther  we  go  in 
this  direction  the  greater  will  be  the  potential  difference  between 
the  tracks,  those  of  the  Lake  Shore  Electric  Railway  being  at  the 
higher  potential,  and  hence  current  tends  to  flow  from  this  line 
across  through  the  earth  to  the  tracks  of  the  Cleveland,  South- 
western &  Columbus  Railway  on  Broad  Street.  To  the  north 
of  the  points  c  and  d  a.  similar  condition  evidently  exists,  except 
that  the  potential  conditions  are  reversed,  and  the  leakage  cur- 
rent tends  to  flow  from  the  Cleveland,  Southwestern  &  Columbus 
Railway  tracks  to  those  of  the  Lake  Shore  Electric  Railway. 
The  red  arrows  show  the  general  trend  of  this  leakage  current,  the 
arrow  being  longer  where  the  leakage  current  is  greater.  If,  now, 
the  two  lines  be  tied  together  electrically  at  suitable  points  where 
they  approach  each  other,  a  very  different  condition  exists.  In 
this  case  the  most  suitable  points  for  tying  the  tracks  together 
are  on  Mill  Street  and  on  West  Street,  where  the  tracks  approach 
within  a  few  hundred  feet  of  each  other.  Assuming,  for  purposes 
of  illustration,  that  the  tracks  are  tied  closely  together  at  these 
points  and  that  no  appreciable  potential  difference  can  exist  at 
the  points  of  tie,  it  will  be  evident  that  the  potential  drop  in  the 
two  parallel  sections  must  be  the  same  and  in  the  same  direction, 
and  hence  the  current  can  not  flow  in  opposite  directions  as 
before.  Since  the  potential  gradient  is  now  in  the  same  direction 
and  of  substantially  the  same  value,  any  two  points  such  as  A 
and  B,  Fig.  5,  substantially  opposite  each  other,  must  be  at  prac- 
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tically  the  same  potential,  and  hence  the  tendency  to  set  up  cross 
currents  between  the  two  tracks  through  the  earth  is  almost 
entirely  eliminated.  Further,  since  the  current  in  the  two  lines 
tends  to  flow  in  opposite  directions  between  the  points  where  the 
tracks  are  tied  together,  the  resultant  current  in  the  tracks  will 
be  the  difference  between  the  individual  track  current,  and  hence 
smaller  than  before.  This  further  reduces  the  differences  of 
potential  between  the  points  aa  and  bb,  with  consequent  improve- 
ment in  electrolysis  conditions.  It  also  results  in  reducing  the 
potential  drops  in  the  negative  return  of  both  railway  lines,  with 
corresponding  reduction  in  the  negative  losses.     The  precise  dis- 
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tribution  of  current  flow  on  the  tracks  thus  tied  together  is  shown 
in  detail  below  for  average  conditions  of  traffic. 

The  originating  current  on  Lake  Avenue  is  7.6  amperes  per 
1000  feet.  The  distance  from  the  feeding  limit  to  the  corporation 
line  is  4400  feet.  Hence  the  current  in  this  section  is  33.4 
amperes. 

Between  the  corporation  line  and  West  Street,  where  the 
tracks  of  the  two  systems  are  tied  together,  the  distance  is  4500 
feet,  and  the  current  originating  here  is  4.5  X  7.6  =  34.2  amperes, 
so  that  the  total  accumulated  current  up  to  West  Street  is 
33-4  +  34-2  =67.6  amperes.  Since  the  tracks  are  tied  together 
on  West  Street  and  again  at  Mill  Street,  we  must  now  determine 
the  distribution  of  current  in  this  interconnected  section  in  order 


Electrolysis  Mitigation  in  Elyria,  Ohio 


19 


to  determine  whether  the  voltage  drops  therein  will  reach  unsafe 
values.  It  will  be  evident  that  the  lowest  average  potential 
gradients  will  be  obtained  if  the  current  is  divided  approximately 
equally  between  the  two  parallel  lines,  provided  both  tracks 
have  the  same  resistance  per  unit  length  as  is  here  assumed.  As 
already  pointed  out,  the  average  current  per  1000  feet  originating 
in  the  tracks  of  this  section  of  the  Cleveland,  Southwestern  & 
Columbus  Railway  is  7.6  amperes,  and  an  examination  of  the  car 
schedule  of  the  Lake  Shore  Electric  Railway  indicates  a  current 
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of  about  10. 1  amperes  per  1000  feet  of  track.  The  length  of  the 
section  on  Lodi  Street  between  West  and  Mill  Streets  is  3440  feet, 
and  the  current  originating  in  this  section  is  34.8  amperes.  Since 
we  have  a.  total  of  105  amperes  in  the  Penfield  section  that  must 
be  delivered  to  the  track  at  Broad  and  Court  Streets,  if  the  maxi- 
mum current  density  in  the  two  branch  lines  is  to  be  the  same, 
we  must  have  52.5  amperes  brought  to  Broad  and  Court  Streets 
by  each  line.  This  means  that  52.5  amperes  must  flow  across 
the  tie  on  West  Street,  and  at  any  point  on  Lodi  Street  the  resultant 
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current  will  be  the  difference  between  this  52.5  amperes  and  the 
current  that  would  flow  in  the  track  at  that  point,  provided  there 
were  no  interconnection  of  the  lines.  The  current  distribution 
can  best  be  seen  by  reference  to  Fig.  6.  Of  the  67.6  amperes  in 
the  Lake  Avenue  tracks  at  West  Street,  52.5  amperes  are  to  be 
taken  over  the  West  Street  tie,  the  remaining  15.1  amperes 
remaining  on  the  Lake  Avenue  tracks  as  shown.  Between  West 
Street  and  the  end  of  the  double  tracks  on  Huron  Street  the 
distance  is  1500  feet,  so  that  the  current  originating  here  is 
7.6X1.5  =  11.4  amperes.  The  total  current  in  the  tracks  at 
Huron  Street  is  therefore  15.1  +  11.4  =  26.5  amperes.  Between 
Huron  Street  and  Court  Street  the  distance  is  3400  feet,  and  the 
current  originating  here  is  7.6  X3-4  =  26  amperes,  approximately. 
On  Lodi  Street  and  West  Street  there  is  an  interchange  of  current 
between  the  two  systems,  part  of  the  current,  amounting  to  34.8 
amperes,  coming  across  on  the  West  Street  tie  turning  north, 
and  the  difference,  or  17.7  amperes,  going  south.  Between  here 
and  Mill  Street  34.8  amperes  originate,  as  above  stated,  so  that 
the  total  current  in  the  tracks  at  Lodi  and  Mill  Streets  is  17.7  + 
34.8  =  52.5  amperes,  which  is  just  the  same  as  in  the  tracks  on 
Broad  Street,  as  shown  above. 

At  Broad  and  Court  Streets  there  is  an  insulated  negative  feeder 
which  takes  off  a  portion  of  the  current  accumulating  at  that 
point  from  three  directions,  viz,  West  Broad  Street,  Mill  Street, 
and  East  Broad  Street,  the  amount  taken  off  being  such  that  the 
potential  gradient  in  the  tracks  on  Court  Street  will  not  exceed 
the  average  limit  of  0.3  volt  per  1000  feet,  as  explained  later.  It 
now  remains  to  show  how  the  system  of  ties  and  feeders  can  be 
installed  so  as  to  give  the  current  distribution  above  assumed. 
Referring  to  Fig.  6,  a,  b,  c,  d,  e,  and  /  represent  the  different  por- 
tions of  the  circuit,  which  have  to  be  considered  separately  be- 
cause of  their  having  different  resistances  per  unit  length  or 
carrying  different  currents,  a  is  the  double-track  section  between 
West  Street  and  Huron  Street.  Its  length  is  1500  feet  and  its 
resistance  1.5  xo.003  =0.0045  ohm.  b  is  the  single-track  section 
between  Huron  and  Court  Streets,  d  is  the  tie  on  West  Street, 
which  consists  of  a  900  000  circular  mil  cable,  430  feet  long,  hav- 
ing a  resistance  of  0.0054  ohm.     e  is  the  track  on  Lodi  Street,  with 
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resistance  of  0.0206  ohm,  and  /  the  tie  on  Mill  Street.  This  con- 
sists of  a  600  000  circular  mil  cable  420  feet  long  and  having  a 
resistance  of  0.0079  ohm.  c  is  a  small  resistance  tap  which  it  has 
been  found  necessary  to  install  between  the  tracks  at  Broad  and 
Court  Streets  in  order  to  secure  the  desired  current  distribution 
with  reasonable  economy  of  copper  in  the  ties  on  West  and  Mill 
Streets. 

The  drop  of  potential  along  the  path  a,  b,  c  must  be  equal  to 
that  along  the  parallel  path  d,  e,  /,  hence  we  have  the  relation 
Ea+Eh+Ec  =Ed  +  Ee  +  Et.  With  the  currents  distributed  as 
above  assumed,  it  is  easily  seen  from  Fig.  6  and  the  foregoing  data 
on  the  resistance  of  the  different  portions  of  the  circuit  that  the 
terms  of  equation  (1)  have  the  following  values: 

^       T  ,-.       i^.i  +27. s   ,  ,, 

E&  =  I ait  a  =  — —  X  O.OO45  =O.IO  VOlt 

Eh=IhRb  =  2—^- — 3—$-  X0.0204  =  0.80  volt 

Ed  =  IdRd  =  52.5  Xo.oo54  =  o.28  volt 

r->        r  t->        17-7  +  S2.s 
Ee  =  IeRe  =  -!-± — ^— ^  x  0.0206  =  o.  72' 
2 

Et  =  ItRt  =  52.s  Xo.oo79  =  o.4i. 

Substituting  these  values  in  equation  (1)  we  can  calculate  the 
drop  of  potential  which  we  must  allow  on  the  resistance  tap  C  in 
order  that  the  current  distribution  shall  automatically  be  as 
assumed.     We  have 

£0  =  0.28+0.72  +0.41  —0.80—10  =  0.51  volt 

The  drop  on  the  resistance  C  must  therefore  be  0.51  volt.  The 
resistance  of  this  tap  will  be  determined  later,  when  we  come  to 
calculate  the  insulated  negative  feeder  system  to  be  installed. 

VI.  DETAILED    CALCULATION    OF    INSULATED    NEGATIVE 

FEEDER   SYSTEM 

1.  BASIS  OF  CALCULATION 

(a)  Limiting  Gradients. — All  of  the  feeder  calculations  which 
follow  are  based  on  a  limiting  24-hour  average  potential  gradient 
in  the  tracks  of  0.3  volt  per  1000  feet,  which  under  the  load  con- 
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ditions  existing  in  the  Elyria  lines  corresponds  to  a  maximum 
value  for  any  15-minute  period  of  about  0.75  volt  per  1000  feet. 
Since  the  current  is  actually  delivered  to  the  tracks  at  a  few 
points  continually  moving  to  and  fro  along  the  lines  the  track 
gradient  will,  of  course,  vary  considerably  and  reach  values  for 
short  periods  very  much  greater  than  the  limit  here  fixed;  but 
it  is  the  average  figure  that  is  most  important,  particularly  when 
the  variations  in  voltage  repeat  themselves  at  comparatively 
short  intervals  of  an  hour  or  less.  Further,  since  the  average 
gradient  can  be  predetermined  with  much  greater  accuracy  than 
any  short-time  value,  the  24-hour  average  voltage  gives  a  better 
basis  for  calculations.  The  calculations  are  based  on  the  assump- 
tion that  all  rail  joints  are  in  good  condition.  Since  the  tracks 
are  laid  with  73-pound  rails,  the  resistance  is  0.006  ohm  per  1000 
feet  of  single  track,  and  0.003  ohm  per  1000  feet  of  double  track. 
The  average  voltage  limit  of  0.3  volt  per  1000  feet  and  the  track 
resistances,  as  stated,  make  the  limiting  average  current  in  the 
single  track  50  amperes  and  in  the  double  track  100  amperes. 

(b)  Current  Density  in  Copper  Cables. — In  determining  the  size 
of  copper  cables  two  considerations  have  been  kept  in  mind — 
first,  to  use  approximately  that  cross  section  of  copper  which 
would  give  the  most  economical  use  of  the  copper,  all  things  con- 
sidered. However,  since,  as  already  stated,  the  removal  of  the 
positive  feeder  now  extending  from  the  Elyria  power  house  to 
Ridgeville  will  make  available  enough  300  000  circular  mil  cable 
to  supply  all  of  the  copper  required  for  the  negative  feeder  system, 
it  is  found  most  economical  to  use  this  size  throughout,  several 
cables  being  used  where  a  larger  cross  section  than  300  000  circular 
mil  is  necessary.  We  have,  therefore,  determined  approximately 
the  current  density  in  the  cables  which  would  give  the  greatest 
operating  economy,  and  then  have  used  the  nearest  size  to  this 
that  could  be  had  in  a  300  000  cable  or  a  multiple  of  this  size. 
Second,  because  of  the  fact  that  high-current  density  in  the 
cables  leads  to  increased  loss  of  power  in  the  resistance  taps  at 
the  power  house  and  other  points  on  the  line,  it  will  be  most 
economical  to  work  the  cables  at  a  somewhat  lower-current 
density  than  would  be  the  case  if  we  were  considering  only  the 
energy  loss  in  the  cable  itself.     Careful  calculations  have  shown 
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that  a  current  density  of  approximately  1 50  amperes  per  1  000  000 
circular  mils  (average  for  the  24-hour  period)  would  be  most 
economical  under  the  conditions  that  will  exist  in  this  installation. 
We  have,  therefore,  endeavored  to  approximate  this  current 
density  as  closely  as  practicable. 

(c)  Resistance  of  Copper  Cables. — The  resistance  of  all  copper 
cables  is  based  on  the  assumption  that  the  resistance  per  1000 
feet  of  a  1  000000  circular  mil  cable  is  0.0113  ohm.  This  is  the 
correct  value  at  a  temperature  of  about  370  C,  which  is  a  fair 
figure  for  the  all-year  average  when  we  take  into  account  the 
heating  effect  of  the  current  in  the  cables. 

2.  DETAILS   OF  FEEDER  SYSTEM 

We  shall  now  proceed  to  calculate  in  detail  the  insulated  nega- 
tive feeder  system  required  to  maintain  the  potential  gradients 
in  Elyria  within  the  limits  prescribed  above,  namely,  0.3  volt 
per  1000  feet,  average  for  the  24  hours.  It  has  already  been 
shown  under  the  discussion  of  interconnection  of  tracks  that 
if  the  tracks  of  the  Cleveland,  Southwestern  &  Columbus  Railway 
and  the  Lake  Shore  Electric  Railway  are  connected  on  West 
Street  and  on  Mill  Street,  the  interchange  of  current  between  the 
tracks  will  be  sufficient  to  keep  the  potential  gradients  below  0.3 
volt,  which  is  set  as  the  limit,  in  all  portions  of  the  track  between 
the  corporation  line  on  Lake  Avenue  and  Court  Street  and  Broad 
Street,  so  that  it  will  not  be  necessary  to  run  any  negative  feeders 
west  of  Court  Street. 

Considering,  now,  the  line  running  east  on  Broad  Street  and 
East  Bridge  Street,  we  have  already  assumed  that  Gulf  Street 
constitutes  on  the  average  the  dividing  line  for  the  feeding  dis- 
tances between  the  Elyria  station  and  the  proposed  Chestnut 
substation.  The  current  distribution  on  the  tracks  of  this  brafich 
is  taken  at  5.38  amperes  per  1000  feet.  This  is  determined  by 
taking  the  total  average  load  on  all  of  the  feeders  supplying  the 
Cleveland  branch  from  the  Elyria  power  house  and  dividing  this 
by  one-half  the  distance  between  the  Elyria  power  house  and  the 
Rockport  substation.  The  average  load  on  this  line,  as  deter- 
mined by  recording  meter  charts  taken  on  positive  feeders  at  the 
Elyria  power  house,  is  262.9  amperes.     The  distance  between  the 
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Elyria  power  house  and  the  point  halfway  to  Rockport  is  48  840 
feet,  so  that  the  average  current  originating  in  the  tracks  is  5.38 
amperes  per  1000  feet  of  track.  Between  Gulf  Street  and  the 
beginning  of  the  double  track  at  East  Broad  and  East  Bridge 
Streets  the  distance  is  2400  feet,  so  that  the  total  current  originat- 
ing in  this  section  is  5.38  X2.4  =  12.9  amperes,  which  is  far  below 
the  limiting  capacity  of  50  amperes  of  the  single  track.  On  the 
double  track  between  East  Bridge  and  Washington  Streets  the 
distance  is  1680  feet,  and  the  current  originating  here  is  1.68  X 
5.38=9.1  amperes.  In  the  next  section  between  Washington 
Street  and  Court  Street  the  distance  is  380  feet,  and  the  current 
originating  here  is  0.38x5.38  =  2  amperes.  The  total  current 
then  originating  on  the  tracks  east  of  Court  Street  that  can  be 
returned  to  the  Elyria  power  house  is  12.9+9.1+2  =  24  amperes. 
In  a  preceding  section,  under  "Interconnection  of  tracks,"  we 
have  shown  that  the  current  coming  from  the  west  on  Broad 
Street  at  this  point  is  52.5  amperes,  so  that  the  total  current  on 
the  tracks  at  Broad  and  Court  Streets  is  52.5  +  24  =  76.5  amperes. 
Since  the  track  south  of  here  on  Court  Street  and  Middle  Avenue 
is  single  track,  it  can  not  carry  this  current  without  exceeding  the 
0.3-volt  limit,  so  a  portion  must  be  taken  off  here,  and  the  amount 
taken  off  must  be  sufficient  to  keep  the  current  below  the  50-ampere 
limit  down  to  the  next  succeeding  tap,  which  has  been  located  at 
the  turnout  between  Eighth  and  Ninth  Streets,  hereinafter  called 
Eight-and-a-half  Street.  The  distance  from  Broad  Street  to 
Eight-and-a-half  Street  is  3240  feet.  The  current  originating  per 
1000  feet  in  this  track  is  greater  than  on  the  East  Broad  Street 
line  because  of  the  fact  that  the  Grafton  cars  run  on  Middle 
Avenue.  An  examination  of  the  car  schedule  shows  that  the 
average  current  per  1000  feet  on  the  Grafton  line  is  about  2.52 
amperes.  Adding  this  to  the  5.38  amperes  per  1000  feet  for  the 
Cleveland  branch  gives  a  total  of  7.9  amperes  per  1000  feet  origi- 
nating in  the  tracks  between  Broad  Street  and  Sixteenth  Street. 
Consequently  the  current  originating  in  the  section  between  Broad 
and  Eight-and-a-half  Streets  is  3.24  x  7.9  =  25.6  amperes.  Adding 
this  to  the  76.5  amperes  which  comes  from  Broad  Street  gives  a 
total  of  102. 1  amperes  that  would  be  on  the  tracks  at  Eight-and-a- 
half  Street  if  none  were  taken  off  at  Broad  Street.     We  shall 
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therefore  plan  to  take  off  about  50  amperes  at  Broad  Street, 
which  would  keep  the  current  in  the  tracks  at  Eight-and-a-half 
Street  at  just  about  the  prescribed  limit.  This  50  amperes  taken 
off  at  Broad*Street  flows  through  the  resistance  tap  between  the 
feeder  and  the  tracks  at  Broad  Street  as  described  in  the  previous 
chapter  under  "Interconnection  of  tracks." 

In  that  chapter  it  was  found  that  the  potential  drop  on  this  tap 
would  have  to  be  0.5  volt  in  order  to  give  a  proper  interchange  of 
current  between  the  tracks  of  the  two  railway  systems.  The 
resistance  of  this  tap  will  therefore  be  0.5-^50  =  0.01  ohm.  It 
was  also  shown  in  the  chapter  just  referred  to  that  the  current 
already  on  the  cable  coming  from  the  Lodi  Street  tracks  via  Mill 
Street  was  52.5  amperes,  and  adding  this  to  the  50  amperes  taken 
off  at  Broad  Street  makes  a  total  of  102.5  amperes  on  the  cable 
between  Broad  and  Eight-and-a-half  Streets.  To  carry  this  cur- 
rent we  will  use  three  300  000  circular  mil  cables.  The  resistance 
of  this  between  Broad  Street  and  Eight-and-a-half  Street  is  0.0125 
ohm  per  1000  feet,  and  since  the  length  is  3240  feet  the  total 
resistance  is  3.24  xo.0125  =0.0405  ohm,  and  the  drop  of  potential 
on  the  cable  in  this  section  is  0.0405  X  102.5  =  4.15  volts.  Adding 
this  to  the  drop  on  the  tap  at  Broad  Street,  which  was  found 
above  to  be  0.5  volt,  we  get  4.65  volts  as  the  potential  difference 
between  the  tracks  at  Broad  and  Court  Streets  and  the  cable  at 
Eight-and-a-half  Street.  The  current  remaining  on  the  tracks 
just  south  of  Broad  Street  is  76.5  —  50  =  26.5  amperes,  and  since 
the  current  originating  in  this  section  was  shown  to  be  25.6 
amperes,  the  total  current  on  the  tracks  at  Eight-and-a-half  Street 
is  52.1  amperes  while  the  mean  is  39.3  amperes.  Since  the 
resistance  of  this  single  track  is  0.006  ohm  per  1000  feet,  the  drop 
of  potential  on  the  track  between  Broad  Street  and  Eight-and-a- 
half  Street  is  39.3  X0.006X3. 24  =  0.764  volt.  The  drop  of  poten- 
tial on  the  resistance  tap  at  Eight-and-a-half  Street  will  therefore 
be  4.65-0.76  =  3.89  volts. 

The  next  tap  south  of  here  between  the  cable  and  the  tracks 
will  be  placed  at  the  corporation  line  on  Sixteenth  Street.  The 
distance  between  Eight-and-a-half  and  Sixteenth  Streets  is  2670 
feet,  so  that  the  current  originating  in  this  section  is  2.67  X7-9  = 
2 1. 1  amperes.     Adding  this  to  the  52.1  amperes  remaining  on  the 


26  Technologic  Papers  of  the  Bureau  of  Standards 

tracks  at  Eight-and-a-half  Street  would  give  a  total  of  73.2 
amperes,  so  that  in  order  to  keep  down  to  the  50-ampere  limit  it 
will  be  necessary  to  take  off  approximately  25  amperes  through 
the  tap  at  Eight-and-a-half  Street.  The  drop  on  this  tap  has 
just  been  found  to  be  3.89  volts,  so  that  its  resistance  will  be 
3.89-7-25=0.155  ohm.  The  current  left  on  the  tracks  south  of 
Eight-and-a-half  Street  is  then  52.1-25  =  27.1  amperes,  and  the 
current  on  the  tracks  at  Sixteenth  Street  is  27.1+21.1=48.2 
amperes.  The  mean  current  in  this  section  is,  therefore,  37.6 
amperes,  and  the  drop  of  potential  on  the  tracks  between  Eight- 
and-a-half  and  Sixteenth  Streets  is  37.6X0.006X2.67=0.6  volt. 
The  current  on  the  feeder  south  of  Eight-and-a-half  Street  is 
102.5  +  25  =  127.5  amperes.  The  same  size  feeder,  namely,  900  000 
circular  mils,  is  sufficient  to  carry  this  current,  so  that  the  three 
300  000  circular  mil  cables  will  be  continued  to  Sixteenth  Street. 
The  drop  of  potential  on  this  section  is,  therefore,  127.5  X  0.0125  X 
2.67  =  4.25  volts.  Adding  this  to  the  drop  on  the  tap  on  Eight- 
and-a-half  Street,  which  is  3.89  volts,  and  subtracting  the  track 
drop  in  this  section,  which  has  been  shown  to  be  0.6  volt,  we  find 
that  the  drop  on  the  tap  at  Sixteenth  Street  is  4.25  +3.89  -0.6  = 
7.54  volts. 

The  total  current  supplied  by  the  Grafton  line  is  taken  at  100 
amperes  average,  and  on  the  basis  of  uniform  average  distribution 
along  the  line  14.9  amperes  of  this  would  originate  between 
Broad  and  Sixteenth  Streets,  leaving  85.1  amperes  originating 
south  of  Sixteenth  Street  and  Middle  Avenue.  As  shown  above, 
the  current  coming  from  the  north  on  the  tracks  at  Sixteenth 
Street  is  48.2  amperes,  and  adding  this  to  the  85.2  amperes  coming 
from  the  Grafton  line  we  get  a  total  of  133.3  amperes  accumu- 
lated on  the  tracks  at  Sixteenth  Street  and  Middle  Avenue. 
Between  this  point  and  the  tracks  near  the  power  house,  a  distance 
of  2920  feet,  there  originates  2.92X5.38  =  15.7  amperes,  giving  a 
total  of  149  amperes  which  would  accumulate  on  the  tracks  up 
to  the  power  house.  In  order  not  to  exceed  the  50-ampere  limit, 
therefore,  it  will  be  necessary  to  take  off  about  100  amperes  of 
current  through  a  tap  at  Sixteenth  Street,  and  since  the  drop  on 
this  tap  has  been  shown  to  be  7.54  volts,  the  resistance  of  this 
tap  will  be  7.54-7-100  =  0.0754  ohm.     The  current  remaining  on 
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the  track  south  of  Sixteenth  Street  will,  therefore,  be  133.3  — 
100  =  33.3  amperes,  and  the  current  on  the  tracks  at  the  power 
house  will  be  33.3  + 15.7  =  49  amperes.  The  mean  current  in  this 
section  is,  therefore,  41. 1  amperes,  and  the  drop  of  potential  on 
the  tracks  is  41.1  X 0.006  X 2.92  =0.7  volt. 

The  cable  south  of  Sixteenth  Street  will  be  carrying  127.5  -f- 100 
amperes  =  227.5  amperes.  This  will  call  for  about  1  800000  cir- 
cular mils,  so  that  it  is  contemplated  to  use  six  300  000  circular 
mil  cables  between  Sixteenth  Street  and  the  power  house.  The 
length  of  this  section,  including  the  distance  between  the  power 
house  and  the  tracks,  which  is  approximately  900  feet,  is  3820 
feet,  and  the  resistance  of  the  1800000  circular  mils  cable  is 
0.0063  ohm  per  1000  feet,  so  that  the  drop  of  potential  on  the 
cable  between  Sixteenth. Street  and  the  bus  bar  is  227.5  X  0.0063  x 
3.82  =  5.47  volts.  Adding  this  to  the  drop  on  the  Sixteenth  Street 
tap,  found  to  be  7.54  volts,  and  subtracting  the  track  drop  between 
Sixteenth  Street  and  the  point  on  the  tracks  opposite  the  power 
house,  which  was  found  to  be  0.7  volt,  we  get  12.3  volts  as  the 
drop  of  potential  on  the  resistance  tap  that  must  be  inserted 
between  the  tracks  and  the  negative  bus  bar  at  the  power  house. 

In  the  above  calculations  we  have  assumed  a  certain  current 
distribution  in  the  tracks  and  feeders  at  various  points  and  have 
then  calculated  the  size  of  the  cables  and  the  resistances  of  the 
resistance  taps  necessary  to  produce  the  assumed  current  distri- 
bution. If  the  cables  and  resistance  taps  are  installed  as  above 
calculated,  it  is  obvious  that  the  system  will  automatically  give 
the  current  distribution  as  originally  assumed.  Summarizing  the 
results  of  the  above  calculations,  we  find  that  in  order  to  maintain 
the  potential  gradients  in  the  tracks  within  the  city  of  Elyria 
between  the  corporation  line  at  Sixteenth  Street  and  the  power 
house  everywhere  at  a  value  not  exceeding  0.3  volt  per  1000  feet 
average  for  24  hours,  and  at  the  same  time  secure  approximately 
maximum  economy  in  the  installation,  we  must  run  a  feeder 
between  the  negative  bus  of  the  Elyria  power  station  and  the 
tracks  of  the  Lake  Shore  Electric  Railway  at  I,odi  and  Mill  Streets. 
This  feeder  will  be  connected  to  the  tracks  of  the  Cleveland, 
Southwestern  &  Columbus  Railway  through  resistance  taps  at 
Sixteenth  Street  and  at  Eight-and-a-half  Street  and  at  Broad  and 
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Court  Streets,  and  there  will  also  be  a  resistance  tap  between  the 
negative  bus  and  the  tracks  at  the  power  house.  The  resistance 
tap  at  Broad  and  Court  Streets  has  a  resistance  of  o.oi  ohm,  that 
at  Eight-and-a-half  Street  0.155  ohm,  and  that  at  Sixteenth  Street 
0.0754  ohm. 

The  tap  at  the  power  house  has  already  been  shown  to  have  a 
drop  of  potential  of  12.3  volts.  To  get  the  resistance  of  this  tap, 
we  must  consider  not  only  the  49  amperes  coming  from  the  east 
on  the  tracks  at  this  point,  but  also  the  current  from  the  Oberlin 
branch.  This  latter  has  an  average  value  of  269  amperes,  so  that 
the  total  current  on  the  power-house  tap  is  269  +49  —  318  amperes, 
and  the  resistance  of  the  power-house  tap  is  12.33-7-318=0.038 
ohm.  It  will  also  be  seen  in  summarizing  the  above  figures  that 
the  area  of  the  negative  feeders  between  the  power  house  and 
Sixteenth  Street  is  1  800  000  circular  mils,  between  Sixteenth  and 
Broad  Streets  900  000  circular  mils,  and  between  Broad  Street 
and  Lodi  Street  600  000  circular  mils.  The  total  amount  of  cop- 
per expressed  in  1000  feet  of  300000  circular  mil  cable  is  shown 
in  Table  3.  From  this  it  will  be  seen  that  the  total  copper  required 
is  42  780  feet  of  300  000  circular  mil  cable.  The  removal  of  the 
present  300  000  circular  mil  positive  feeder  between  the  power 
house  and  Ridgeville  makes  available  44  880  feet  of  300  000  cir- 
cular mil  cable.  This  is  more  than  sufficient  to  supply  all  of  the 
cable  needed  for  the  proposed  negative  feeder  system,  so  that  no 
new  copper  will  have  to  be  purchased.  A  negative  feeder  system, 
as  calculated  above,  is  shown  in  Fig.  7. 

TABLE  3 
Copper  Required  in  Insulated  Negative  Feeder  System 


Location 

Area 

Length 

Equivalent 
length  of 
a  300  000 
circular 
mil  cable 

Circular 
mils 
600  000 
900  000 

1  800  000 
900  000 

Feet 
420 

5910 

3820 

430 

Thousand 
feet 
0.84 

17.  73 

22.92 

1.29 

Total                                   

42.78 

1 
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VII.  OVER-ALL  POTENTIALS  UNDER  PROPOSED  PLAN 

We  are  now  in  a  position  to  calculate  the  over-all  potential 
differences  that  will  exist  under  the  proposed  method  of  mitiga- 
tion. Beginning  first  with  the  tracks  at  the  corporation  line  on 
Lake  Avenue,  we  have  already  seen  that  under  the  proposed 
plan  the  Elyria  station  feeds  northward  a  distance  of  4400  feet 
beyond  the  city  line.  The  current  originating  here  is  7.6  amperes 
per  1000  feet.  The  total  current  in  the  tracks  at  the  corporation 
line  would  be  7.6  X  4.4  =  33.4  amperes.  Between  this  point  and 
West  Street  34.2  amperes  originate,  making  the  total  current  at 
West  Street  67.6  amperes.  The  mean  current  between  West 
Street  and  the  corporation  line  is,  therefore,  50.5  amperes,  hence 
the  average  drop  of  potential  on  the  tracks  between  the  corporation 
line  and  West  Street  is  4.5  X  0.003  X  5°-5  =  °-68  volt.  It  has  al- 
ready been  shown,  in  a  previous  chapter  in  connection  with  the  cal- 
culation showing  the  effect  of  interconnecting  the  tracks  of  the 
two  railway  lines,  that  the  drop  of  potential  on  the  tracks  between 
West  Street  and  Court  and  Broad  Streets  is  0.9  volt.  It  has  also 
been  shown,  in  a  preceding  chapter  giving  the  calculations  on  the 
negative  return  feeder  system,  that  the  drop  of  potential  on  the 
tracks  between  Broad  and  Eight- and-a-half  Streets  is  0.76  volt, 
and  between  Eight-and-a-half  and  Sixteenth  Streets  0.6  volt. 
Summing  up  these  component  drops  we  find  that  the  total  over-all 
potential  between  the  corporation  line  on  Lake  Avenue  and  the 
corporation  line  on  Sixteenth  Street  is  0.68+0.90  +  0.76  +  0.60  = 
2.94  volts  average  for  24  hours.  This  corresponds  to  a  15-minute 
maximum  voltage  of  approximately  7.4  volts. 

To  get  the  drop  of  potential  between  the  corporation  line  on 
Sixteenth  Street  and  the  intersection  of  Gulf  and  Cleveland  Streets, 
we  add  to  the  drop  on  Middle  Avenue,  which  has  been  shown  to 
be  1.36  volts,  the  drop  on  the  tracks  between  Broad  and  Court 
Streets  and  Gulf  Street.  In  the  section  between  Washington  and 
Court  Streets  we  have  a  single  track  380  feet  long  carrying  an 
average  current  of  23  amperes,  so  that  the  drop  in  this  section  is 
0.38  X  0.006  X  23  =0.05  volt.  In  the  next  section  between  Wash- 
ington Street  and  the  intersection  of  East  Bridge  and  East  Broad 
Street  the  distance  is  1680  feet.     The  current  in  the  tracks  at  the 
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east  end  of  this  point  has  been  shown  to  be  12.9  amperes,  and  at 
Washington  Street  it  is  22  amperes,  so  that  the  mean  current 
is  1745  amperes.  The  drop  in  this  section  is  therefore  1.68  x 
0.003  X  17.4  =  0.09  volt.  Between  the  intersection  of  Broad  and 
East  Bridge  Streets  and  Gulf  Street  the  distance  is  2400  feet,  and 
the  mean  current  is  12.9-^2=6.45  amperes.  The  track  here  is 
single,  so  that  the  drop  would  be  2.4  X  0.006  X  6.45  =0.09  volt. 
The  total  drop  between  Gulf  and  Cleveland  Streets  and  Court  and 
Broad  Streets  is  therefore  0.23  volt,  and  adding  this  to  the  drop 
between  Broad  and  Sixteenth  Streets,  namely,  1.36  volts,  we  get 
a  total  of  1.59  volts  as  the  average  over-all  potential  between 
Gulf  Street  and  Sixteenth  Street,  which  corresponds  to  a  15-minute 
maximum  value  of  about  4  volts.  Between  Gulf  Street  and  the 
corporation  line  at  Abbey  Road  the  gradient  is  toward  the  east, 
so  that  the  drop  of  potential  on  this  section  must  be  substracted 
from  the  potential  difference  between  Gulf  and  Sixteenth  Streets 
in  order  to  get  the  over-all  potential  between  Abbey  Road  and 
Sixteenth  Street.  In  this  section  the  track  is  double  and  the 
distance  4900  feet.  The  average  current  in  this  section  is  18.6 
amperes,  so  that  the  drop  of  potential  is  4.9  X  0.003  x  18.6  =  0.27 
volt.  Substracting  this  from  1.59  volts,  we  get  1.32  volts  as  the 
over-all  potential  between  the  corporation  line  at  Abbey  Road 
and  the  corporation  line  at  Middle  Avenue  and  Sixteenth  Street. 
Similarly,  to  get  the  potential  difference  between  the  corporation 
line  at  Abbey  Road  and  the  corporation  line  at  Lake  Avenue,  we 
have,  summing  up  the  component  drops  as  above  determined  with 
due  regard  to  their  direction,  0.68  +  0.90  —  0.23+0.27  =  1.62  volts. 
The  other  over-all  potential  differences  are  summed  up  from  these 
components  in  the  same  way. 

Comparing  these  over-all  potential  drops  with  those  which  the 
data  presented  in  Table  1  show  to  exist  under  present  conditions, 
we  get  the  figures  shown  in  Table  4.  From  this  it  will  be  seen 
that  under  present  conditions  the  average  over-all  potential  be- 
tween the  corporation  line  at  Lake  Avenue  and  at  Sixteenth 
Street  and  Middle  Avenue  is  15.8  volts,  compared  to  an  estimated 
value  of  2.94  under  the  proposed  plan,  which  shows  a  reduction 
in  the  ratio  of  5.4  to  1.  Table  1  also  shows  that  the  average 
potential  difference  between  the  corporation  line  at  Abbey  Road 
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and  Middle  Avenue  and  Sixteenth  Street  is  19.7  volts,  as  com- 
pared with  1.32  under  the  proposed  plan,  which  shows  a  reduction 
in  the  ratio  of  about  15  to  1.  It  will  thus  be  evident  that  a 
tendency  for  leakage  current  to  stray  off  the  tracks  into  the  earth 
will  be  reduced  to  a  small  fraction  of  the  value  that  exists  under 
present  conditions,  and  electrolysis  damage  will  be  correspondingly 

reduced. 

TABLE  4 

Comparison  of  Present  Over-all  Potentials  With  the  Calculated  Values  Under  the 
Proposed  Plan,  24-hour  Average  Values  Given 


Location 


Value 

under 

present 

conditions 

Value 

under 

proposed 

plan 

Volts 

Volts 

15.8 

2.94 

9.1 

1.58 

2.5 

1.62 

11.7 

.04 

19.7 

1.32 

7.1 

1.36 

|      16.3 

.09 

Ratio 


Lake  Avenue  and  north  corporation  line  to  Middle  Avenue  and 
Sixteenth  Street 

Lake  Avenue  and  corporation  line  to  Court  Street  north  of  Third 
Street 

Cleveland  Street  and  Abbey  Road  to  Lake  Avenue  and  north  cor- 
poration line 

Cleveland  Street  and  Abbey  Road  to  Court  Street  north  of  Third 
Street 

Cleveland  Street  and  Abbey  Road  to  Middle  Avenue  and  Six- 
teenth Street 

Court  Street  north  of  Third  Street  to  Middle  Avenue  and  Six- 
teenth Street 

Fremont  and  Lodi  Streets 

Court  and  Broad  Streets '. 


5. 3  to  1 
5.7tol 

1. 54  to  1 
292.  0  to  1 

15.  0  to  1 

5.  2  to  1 

181.0  to  1 


VIII.  ENERGY  LOSSES 

Before  determining  energy  losses  in  the  different  portions  of 
the  positive  feeder  system  and  negative  return  we  must  determine 
the  resistance  constants  of  the  various  sections  of  the  track.  In 
order  to  determine  the  resistance  of  the  positive  feeder  system 
extending  from  the  Elyria  power  house  in  the  direction  of  Rock- 
port  we  can  not  consider  the  cables  as  connected  in  parallel  with 
each  other  because  of  the  manner  in  which  they  are  connected 
to  the  trolley,  the  Elyria  short  feeder  being  connected  in  parallel 
with  the  trolley  all  the  way  from  the  power  house  to  Abbey  Road, 
but  none  of  the  other  feeders  being  connected  within  that  region. 
In  order  to  calculate  this  distance,  therefore,  we  lay  out  the  feeder 
system  showing  the  taps  to  the  tracks,  as  shown  in  Fig.  8.    Then, 
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by  calculating  separately  the  conductance  of  the  individual 
branches,  it  is  easy  to  calculate  the  resultant  resistance  between 
the  power  house  and  any  particular  point  on  the  trolley  wire. 
This  resistance  is  shown  as  a  function  of  the  distance  from  the 
power  house  by  the  broken  line  at  the  bottom  of  Fig.  8.  From 
this  it  will  be  seen  that  although  the  cross  section  of  the  positive 
feeder  system  is  not  by  any  means  uniform,  nevertheless  the 
manner  in  which  the  positive  feeders  are  connected  to  the  trolley 
is  such  that  the  total  resistance  is  approximately  proportional  to 
the  distance  from  the  power  house,  and  this  is  so  nearly  true  that 
this  linear  relationship  is  assumed  in  all  of  the  energy  calculations. 


OO    TROLLEY 


3000OOCM\FccDCa\  J  \  1     |     I 


OOO  TROLLEY 


feeder 


I    THOVSAIVOtS   OF  FEET 


DIAGBAM 
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powe/e 


I 
J 

8    J       ! 

VE  FEEDER  SYSTEM 
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The  straight  dotted  line  in  the  figure  shows  the  mean  value  of 
the  resistance  as  a  function  of  the  distance  from  the  power  house, 
and  by  dividing  any  ordinate  of  this  line  by  its  corresponding 
distance  from  the  power  house  we  get  the  equivalent  resistance 
of  the  positive  feeder  system  in  ohms  per  iooo  feet.  This  is 
found  to  be  0.013  ohm.  Beyond  the  middle  point  between 
Elyria  and  Rockport  we  have  two  No.  0000  feeders  in  parallel 
with  one  No.  000  trolley,  which  gives  a  resistance  of  0.019  onm 
per  1000  feet,  figuring  the  copper  at  an  average  temperature  of 
370  C.  On  the  other  sections  of  line  the  resistance  of  the  posi- 
tive  feeder  is   easily  determined   from  the   cross  section  of   the 
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feeder  and  the  trolley,  since  the  two  are  connected  in  parallel 
throughout.  On  the  Penfield  branch  between  the  corporation 
line  and  Penfield  substation  we  have  one  No.  ooo  trolley  in  parallel 
with  a  500000  circular  mil  feeder,  which  gives  a  resistance  of 
0.017  ohm  per  1000  feet.  Between  the  corporation  line  and 
Huron  Street  we  have  two  No.  00  trolleys  in  parallel  with  one 
500  000  circular  mil  cable,  which  gives  a  resistance  of  0.015  ohm 
per  1000  feet.  Between  Huron  Street  and  Court  Street  we  have 
only  one  No.  00  trolley  having  a  resistance  of  0.085  ohm  per  1000 
feet.  From  Huron  Street  to  the  power  house  we  have  one  500  000 
circular  mil  cable  having  a  resistance  of  0.0226  ohm  per  1000  feet. 
The  resistance  of  the  single  track  is  taken  throughout  as  equal  to 
0.006  ohm  per  1000  feet,  and  double  track  0.003  oh111  Per  IOO° 
feet.  The  resistance  of  all  negative  feeders,  as  well  as  the  positive, 
is  readily  figured  from  the  cross  section  on  the  basis  that  a 
1  000000  circular  mil  cable  has  a  resistance  of  0.0113  ohm  per 
1000  feet.  For  convenience  in  reference  all  of  these  resistance 
constants  are  shown  in  Tables  5  and  6  along  with  the  power  losses. 
The  calculation  of  the  energy  losses  in  any  section  of  track  can 
be  very  simply  carried  out  by  the  use  of  a  general  formula.  This 
formula  can  be  derived  as  follows : 

TABLE  5 
Present  Power  Losses 

1.  POSITIVE  LOSSES 


Location 

Description 

r 

L 

Ii 

h 

P2 

Rockport  halfway  to  Elyria 

One  No.  000+two  No.  0000.. 

0.019 

48.84 

0 

262.5 

30.50 

Broad  and  Court  Streets  to  east- 

( .013 

40.03 

0 

215.0 

11.52 

ern  feeding  limit. 

Broad  and  Court  Streets  to  Six- 
teenth Street. 

Sixteenth    Street    to    tracks    at 

Equivalent  to  a  feeder  hav- 
ing a  resistance  of  0.013 
ohm  per  1000  feet.    (See 
Fig.  8.) 

.013 
.013 

5.91 
2.92 

215.0 
261.7 

46.7 

15.7 

6.31 
3.97 

power  house. 

One  No.  000+one  500  000  cm. 

.  .013 
.017 

.90 
18.20 

277.4 
0 

0 

138.4 

1.30 

Penfield  to  corporation  line 

2.82 

Corporation  line  to  Huron  Street. 

Two  No.  00+one  500  000  cm. 

.015 

6.00 

138.4 

45.6 

3.38 

Huron  Street  to  Court  Street 

One  No.  00+one  500  000  cm. 

.085 

3.40 

0 

26.0 

.09 

Huron  Street  to  power  house 

One  500  000  cm 

.0226 

9.30 

210.0 

0 

13.37 

Total 

73  26 
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TABLE  5— Continued 
Present  Power  Losses — Continued 

2.  NEGATIVE  LOSSES 


Location 

Description 

r 

L 

Ii 

I2 

P2 

Rockport  to  feeding  limit 

0.006 
.006 
.003 
.006 

.003 

.006 

.   .006 
.003 
.006 
.006 

.006 

.0037 

48.84 

30.63 

4.90 

2.40 

1.68 

.38 

18.20 
6.00 
3.40 
5.91 

2.92 

.90 

0 

0 

164.0 

190.4 

203.3 

212.4 

0 
138.4 
184.0 
424.4 

556.0 

840.8 

262.5 

164.0 

26.4 

12.9 

9.1 

2.0 

138.4 
45.6 
26.0 
46.7 

+  15.7 

0 

9.70 

do 

2.38 

Abbey  Road  to  Gulf  Street 

Gulf  Street  to  Broad  and  Bridge 

Streets. 
Broad   and   Bridge   Streets   to 

Broad  and  Washington  Streets. 
Broad  and  Washington  Streets 

to  Broad  and  Court  Streets. 

.68 

.81 

.32 

.16 

do 

1.01 

Corporation  line  to  Huron  Street. 
Huron  Street  to  Court  Street 

.72 

1.14 

do 

10.26 

teenth  Street. 

do 

8.02 

power  house. 

3  000  000  cu.  mils ! 

3.37 

Total 

38.57 

111.  83 

TABLE  6 
Power  Losses  Under  Proposed  Plan 

1.  POSITIVE  LOSSES 


Location 

Description 

r 

L 

Ii 

I2 

P2 

Rockport  to  feeding  limit 

One  No.  000+ two  0000 

0.019 

25.13 

0 

135.0 

4.17 

East  feeding  limit  to  Chestnut 

One  No.  000+two  0000 

.019 

25.13 

0 

135.0 

4.17 

substation. 

Chestnut  substation  to  Abbey 

One  No.  000+two  0000 

.019 

29.23 

26.4 

157.0 

10.42 

Road. 

Chestnut  substation  to  Abbey 

Two  No.  00+rwo  No.  000+ 

.0114 

4.90 

0 

26.4 

.01 

Road  to  Gulf  Street. 

300  000  cm. 

Gulf  Street  to  Bridge  Street 

One  No.  00+ two  No.  0000+ 
300  000  cm. 

.013 

2.40 

0 

12.9 

00 

Broad   and   Bridge   Streets    to 

Two  No.  00+ two  No.  0C00+ 

.0114 

11.68 

12.9 

9.1 

00 

Broad  and  Washington  Streets. 

300  000  cm. 

Broad  and  Washington  Streets 

One  No.  00+two  No.  0000+ 

.013 

.38 

22.0 

2.0 

00 

to  Broad  and  Court  Streets. 

300  000  cm. 

Penfield    to    southern    feeding 

One  No.  000+500  000  tm 

.017 

13.80 

0 

105.0 

1.24 

limit. 
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TABLE  6— Continued 
Power  Losses  Under  Proposed  Plan — Continued 

1.  POSITIVE  LOSSES— Continued 
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Location 

Description 

r 

L 

Ii 

I2 

P2 

Northern  feeding  limit  to  cor- 
poration line. 
Corporation  line  to  Huron  Street. 

One  No.  000+500  000  cm 

Two  No.  00+500  000  cm 

One  No.  00 

0.017 

.015 
.085 
.0226 
.013 

.013 

.013 

4.40 

6.00 
3.40 
19.30 
5.91 

2.92 

.90 

0 

33.4 

0 

105.0 

24.0 

70.7 

86.4 

33.4 

45.6 

26.0 

0 

46.7 

15.7 
0 

0.04 
.46 

Huron  Street  to  power  house 

Broad  and  Court  Streets  to  Six- 
teenth Street. 

Sixteenth    Street   to    tracks    at 
power  house. 

One  500  000  cm 

3  35 

One  No.  00+ two  No.  0000+ 

300  000  cm. 
One  No.  00+ two  No.  0000+ 

300  000  cm. 
Two  No.  0000+300  000  cm . . . 

.26 
.35 
.16 

Total 

24.72 

2.  TRACK  LOSSES 


Rockport  to  feeding  limit. 

Feeding  limit  to  Chestnut  sub- 
station. 

Chestnut  substation  to  Abbey 
Road. 

Abbey  Road  to  Gulf  Street 

Gulf  Street  to  Broad  and  East 
Bridge  Streets. 

East  Bridge  and  Broad  Streets 
to  Washington  and  Broad 
Streets. 

Washington  and  Broad  Streets 
to  Broad  and  Court  Streets. 

Penfield  to  feeding  limit 

Feeding  limit  to  corporation  line.. 

Corporation  line  to  West  Street. . 

West  Street  to  Huron  Street 

Huron  Street  to  Court  and 
Broad  Streets. 

Broad  and  Court  Streets  to 
Eight-and-a-half  Street. 

Eight -and -a -half  Street  to  Six- 
teenth Street. 

Sixteenth  Street  to  tracks  at 
power  house. 

Total 


Single  track. 
do 


.do. 


Double  track. 
Single  track.. 


Double  track. 


Single  track. 


....do 

....do 

Double  track. 

....do 

Single  track. . 


.do. 
.do. 
.do. 


0.006 
.006 


.003 
.006 


.006 
.006 
.003 
.003 
.006 

.006 

.006 

.006 


25.13 
25.13 


29.23 


4.90 
2.40 


13.80 
4.40 
4.50 
1.50 
3.40 

3.24 

2.67 

2.92 


0 
0 

26.4 


0 
0 

12.9 


0 

0 

33.4 

15.1 

26.5 

26.5 

27.1 

33.2 


135.0 
135.0 


157.0 


26.4 
12.9 


105.0 
33.4 
34.2 
11.4 
26.0 

25.6 

21.1 

15.8 


1.31 
1.31 

3.28 

00 
00 

00 

00 

.43 
.02 
.06 
00 
.04 

.04 

.03 

.04 

6.56 


36  Technologic  Papers  of  the  Bureau  of  Standards 

TABLE  6— Continued 
Power  Losses  Under  Proposed  Plan — Continued 

3.  NEGATIVE  FEEDER  LOSSES 


Location 

Description 

r 

L 

Ii 

I2 

Pa 

0.  0125 
.0190 
.0125 

.0125 

.0063 

0.43 
.42 
3.24 

2.67 

3.82 

52.5 
52.5 

102.5 

127.5 
227.5 

0 
0 
0 

0 

0 

0  01 

Avenue  and  Lodi  Street. 

Two  300  000  cm 

.03 

and  Broad  Streets. 
On   Middle   Avenue   between 

Three  300  000  cm 

.60 

Broad   and   Eight-and-a-half 
Streets. 
On   Middle   Avenue   between 

Three  300  000  cm 

.78 

Eight-and-a-half     and     Six- 
teenth Streets. 
On   Sixteenth   Street   between 

Six  300  000  cm 

1.80 

Middle   Avenue   and   power 
house. 

Total 

3.  22 

4.  RESISTANCE  TAP  LOSSES 


I 

E. 

At  Broad  and  Court  Streets 

50 

25 

100 

318 

0.5 
3.89 
7.54 
12.33 

0.04 

At  Eight-and-a-half  Street  and  Middle  Avenue . 

.14 

1.08 

At  power  house 

5.65 

Total 

6.91 

Grand  total 

41.41 

Kw 

Total  power  losses  under  present  conditions 111.  83 

Total  power  losses  under  proposed  plan 41.41 


Total  power  saved  by  proposed  system 70.  42 

The  energy  loss  in  any  finite  portion  of  a  conductor  is  evidently 
equal  to  the  Prdl  where  /  is  the  current  at  any  particular  point, 
I  on  the  line,  and  r  is  the  resistance  per  unit  length  of  the  line. 
If  the  current  originates  in  a  uniform  distribution  along  the  line, 
as  here  assumed,  this  equation  can  be  readily  integrated,  and  gives 
the  formula  for  power  loss  p  =  r  {Pi  +  I1I2  +  P2^-?>)  where  Ix  is  the 
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current  entering  the  section  in  question  from  an  outside  source, 
and  I2  is  the  total  current  originating  within  the  section  under 
consideration,  /  is  the  length  of  the  section,  and  r  is  the  resistance 
per  unit  length.  In  all  calculations  which  follow  I  is  expressed 
in  thousands  of  feet,  and  consequently  r  is  in  ohms  per  1000  feet. 
Applying  this  formula  to  all  of  the  different  track  and  feeder 
sections  and  taking  the  resistance  constants  from  the  column 
headed  r  we  get  the  energy  loss  for  the  different  sections  of  track 
and  feeders,  as  shown  in  the  last  columns  in  Tables  5  and  6.  In 
applying  this  formula  it  should  be  borne  in  mind  that  since  each 
term  of  the  equation  involves  the  second  power  of  the  current, 
the  current  to  be  used  in  substituting  in  the  formula  is  what 
may  be  called  the  effective  value  of  the  current  rather  than  the 
average  value,  the  effective  value  being  the  square  root  of  the 
mean  square  of  the  instantaneous  values  of  current.  Before 
using  this  formula,  therefore,  it  is  necessary,  if  accurate  results 
are  to  be  obtained,  to  determine  the  effective  value  of  the  current. 
This  can  readily  be  determined  by  plotting  the  load  curves  of 
the  different  feeders  and  by  scaling  off  a  large  number  of  ordi- 
nates,  squaring  them,  and  taking  the  mean  value  of  all  and 
extracting  the  square  root,  which  gives  the  square  root  of  the 
average  square,  or  the  effective  value  of  the  current.  A  careful 
examination  of  the  load  charts  of  the  Elyria  feeder  system  shows 
that  in  all  cases  the  effective  value  is  very  close  to  20  per  cent 
larger  than  the  average  value  of  current,  consequently  the  second 
power  of  the  effective  current  would  be  1.44  multiplied  by  the 
second  power  of  the  average  value.  Since,  however,  the  potential 
drops  in  the  tracks,  and  also  the  danger  from  electrolysis  is  pro- 
portional to  the  average  value  rather  than  the  effective  value,  all 
of  the  currents  dealt  with  in  the  preceding  portions  of  this  report 
represent  average  values,  and  it  is  simpler  to  use  these  in  sub- 
stituting in  the  above  formula.  It  is  therefore  necessary  to 
multiply  the  results  obtained  by  the  above  formula  by  the  factor 
1.44  in  order  to  get  the  true  average  value  of  power  loss.  The 
working  equation  then  becomes 


£-M4-*(j\+JA  +  y) 
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Summing  up  all  of  the  losses  in  Table  5,  we  find  that  under  pres- 
ent conditions  the  total  losses  in  both  positive  and  negative  sides  of 
the  line  in  the  district  between  Elyria  and  Penfield  and  between 
Elyria  and  Rockport  is  11 1.8  kilowatts.  From  Table  6  we  find 
that  under  the  proposed  plan  the  total  losses,  including  also  the 
losses  in  the  negative  feeders  installed  and  the  resistance  taps, 
amount  to  41.4  kilowatts.  The  reduction  of  power  loss  is  there- 
fore the  difference  between  these  two,  or  70.4  kilowatts.  This  is 
the  average  24-hour  reduction  in  energy  loss,  which  corresponds 
to  a  reduction  of  the  peak-load  losses  of  at  least  200  kilowatts. 
The  annual  money  value  of  this  saving  in  power  is  discussed  in 
detail  in  a  later  section  of  this  report  under  the  head  of  "Costs." 

IX.  POTENTIAL   WIRES 

It  is  very  important  in  connection  with  any  system  of  elec- 
trolysis mitigation  to  provide  convenient  means  for  determining 
at  any  time  the  voltage  conditions  that  exist  throughout  the 
region  where  the  underground  utilities  are  appreciably  developed 
and  where  they  may  be  affected  by  stray  currents.  The  best  way 
of  accomplishing  this  is  to  select  some  suitable  central  point,  as 
at  the  power  station  or  passenger  station,  or  other  available  point 
in  which  a  terminal  board  can  be  placed  and  run  from  this  ter- 
minal board  permanent  insulated  wires  to  the  various  points  of 
the  track  system  between  which  it  may  be  desirable  to  measure 
potential  differences.  One  of  these  wires  should  be  run  to  the 
point  of  the  system  that  is  likely  to  be  at  lowest  potential,  and 
the  others  should  be  run  to  those  portions  of  the  line  which  may 
be  expected  to  be  at  the  highest  potential  within  the  city  or  area 
under  consideration.  In  this  way  the  maximum  over-all  poten- 
tial drops  in  the  negative  return  can  readily  be  measured  at  the 
terminal  board  by  connecting  a  voltmeter  between  the  ends  of 
the  proper  pair  of  wires.  The  installation  of  such  potential  wires 
is  comparatively  cheap  and  is  very  important  for  several  reasons. 
In  the  first  place,  they  permit  any  proper  authorities  to  determine 
easily  and  quickly  the  over-all  voltage  conditions  in  the  track 
network  at  any  time,  thus  enabling  them  to  keep  a  close  watch 
on  electrolysis  conditions.     They  will   also   enable  the  railway 
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company  to  determine  in  a  general  way  the  conditions  of  their 
tracks  at  any  time  by  simply  taking  measurements  on  these  lines 
at  frequent  intervals.  Any  sudden  or  abnormal  change  in  the 
resistance  of  the  unknown  return  system  can  at  once  be  detected 
and  repairs  promptly  made. 

A  great  deal  of  the  damage  to  underground  structures  by 
leakage  current  from  railways  is  caused  by  the  comparatively 
sudden  development  of  high-resistance  joints  in  the  track,  which 
give  rise  to  very  bad  local  electrolysis  conditions,  and  if  these 
potential  wires  are  run  to  a  number  of  points  in  the  track  net- 
work periodic  tests  will  immediately  show  when  any  high  resist- 
ance or  open  circuit  in  the  track  has  developed,  and  thus  permit 
the  correction  of  the  trouble  before  very  serious  damage  to  the 
underground  structures  has  occurred.  They  are  particularly 
important  in  connection  with  insulated  negative  return  feeders, 
since  they  afford  a  means  of  keeping  a  line  on  the  current  dis- 
tribution in  the  tracks,  and  therefore  show  whether  anything 
has  happened  to  the  feeders  or  the  resistance  taps,  such,  for 
instance,  as  an  open  circuit  or  short  circuit  on  a  resistance  tap, 
which  might  occasionally  occur  with  serious  results  unless  cor- 
rected within  a  short  time.  It  should  also  be  pointed  out  that 
when  potential  wires  of  this  sort  are  installed  they  will  enable  the 
railway  company  to  localize  bad  points  in  the  track  much  more 
quickly  and  cheaply  than  could  be  done  by  ordinary  testing 
methods  without  the  use  of  such  potential  wires.  In  this  way  the 
potential  wires  become  a  source  of  economy  which  in  most  cases 
will  more  than  pay  for  their  installation.  We  would  very  strongly 
urge  that  potential  wires  of  this  sort  be  installed  in  all  cases. 

For  Elyria  we  would  recommend  that  potential  wires  of  this 
character  be  run  from  a  terminal  board,  preferably  located  in  the 
passenger  station  on  Court  Street,  since  this  is  the  most  central 
point  available  and  the  installation  of  the  wires  will  be  cheaper  if 
they  are  rim  to  this  point  than  if  they  are  run  from  the  power 
house.  The  potential  wires  recommended  are  shown  in  Fig.  9. 
Here  it  will  be  seen  that  one  wire  runs  from  the  terminal  board  to 
the  corporation  line  at  Middle  Avenue  and  Sixteenth  Street, 
another  to  the  corporation  line  on  Lake  Avenue,  a  third  to  the 
corporation  line  on  Cleveland  Street,  and  a  fourth  a  short  tap 
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running  to  the  intersection  of  the  tracks  at  Broad  and  Court 
Streets.  It  will  also  be  seen  that  a  wire  is  run  from  the  terminal 
board  to  Gulf  Street  and  Lake  Avenue.  The  reason  for  this  is 
that  this  is  the  neutral  point  between  the  feeding  districts  of  the 
Elyria  and  Chestnut  stations,  so  that  this  point  will  be  generally 
at  a  higher  potential  than  the  corporation  line  on  Cleveland 
Street.  For  this  reason  a  higher  over-all  voltage  would  be  found 
between  Gulf  Street  and  the  other  points  than  between  the  cor- 
poration line  on  Cleveland  Street  and  the  same  points.  This 
wire  is  also  valuable  in  that  it  would  permit  the  determination 
from  time  to  time  of  the  location  of  the  neutral  zone  between  the 
power-supply  stations,  and  this  would  be  useful  in  determining 
the  voltages  that  are  required  at  the  bus  bars  of  the  stations  in 
order  that  the  correct  distribution  of  current  may  be  maintained. 
Fig.  9  also  shows  that  a  potential  wire  is  run  from  this  terminal 
board  to  the  tracks  on  the  Lake  Shore  Electric  Railway  at  Lodi 
and  Mill  Streets  and  another  to  the  point  where  this  railway 
crosses  the  corporation  line.  This  would,  of  course,  be  installed 
by  the  Lake  Shore  Electric  Railway,  and  while  it  is  not  necessary 
that  they  should  be  run  to  the  same  terminal  board  as  the  other 
wires,  it  is  very  desirable  that  they  should,  in  order  that  all  of  the 
over-all  potential  measurements  may  be  taken  at  one  point,  thus 
greatly  facilitating  the  taking  of  measurements. 

These  potential  wires  may  be  either  copper,  copper-clad  steel, 
or  galvanized  iron,  as  preferred.  The  former  are  more  expensive 
to  install,  but  usually  have  the  advantage  of  lower  electrical 
resistance.  Galvanized  iron,  however,  if  installed  in  sizes  not 
smaller  than  No.  12,  will  have  the  advantage  of  relatively  great 
mechanical  strength,  and  its  resistance  in  this  case  will  not  be  a 
serious  matter,  and  in  any  case  it  can  usually  be  corrected  wjth 
little  difficulty.  The  use  of  galvanized-iron  wire  is  much  more 
•economical  than  either  copper  or  copper-clad  steel,  and  at  the 
same  time  is  entirely  adequate  to  meet  the  requirements  of  the 
present  case,  so  this  type  of  construction  is  to  be  preferred.  The 
wire  can  be  mounted  on  insulators  on  the  pole  line  carrying  the 
positive  or  negative  feeders,  or  it  can  be  suspended  on  porcelain 
insulators  from  the  trolley  span  wires.  This  latter  would  prob- 
ably generally  be  preferred,  because  it  keeps  the  grounded  wire 
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at  a  sufficient  distance  from  the  positive  feeders.  As  a  rule  a 
single  wire  running  to  each  point  will  be  sufficient  for  all  prac- 
tical purposes.  A  pair  of  wires  running  to  each  point  has  the 
advantage  that  a  loop  test  can  be  made  on  them,  and  also  in  over- 
all potential  measurements  the  two  wires  running  to  each  point 
can  be  placed  in  parallel,  thus  lowering  the  resistance.  In  most 
cases,  however,  we  do  not  consider  a  pair  of  wires  necessary. 

X.  COSTS 
1.  BASIS  OF  CALCULATION  OF  INSTALLATION  COSTS 

In  determining  the  installation  cost  of  the  plan  for  electrolysis 
mitigation  outlined  above  the  following  unit  costs  have  been  used : 

(a)  Substation  Equipment. — Substation  equipment,  including 
rotary  converters,  transformers,  switchboard  panels,  switches,  and 
all  necessary  accessories,  has  been  estimated  at  $30  per  kilowatt 
rated  capacity. 

(6)  Buildings. — Only  one  building  is  estimated  for,  and  this  is 
the  proposed  substation  at  Chestnut;  the  cost  of  this  has  been 
estimated  at  $1200,  which  seems  a  sufficient  allowance  for  a  small 
interurban  substation  located  in  the  country  as  contemplated. 

(c)  Grounds. — In  view  of  the  location  of  the  substation  in  the 
rural  district,  the  estimate  for  land  for  the  substation  has  been 
placed  at  $100,  which  is  probably  more  than  ample  to  cover  the 
actual  investment  in  ground  that  would  be  made. 

(d)  Cost  of  Moving  Direct-Current  Feeder  Cable. — This  cost  in- 
cludes only  the  labor  charges  and  the  materials  for  the  stringing 
of  the  cable  in  the  new  location,  the  cost  of  the  copper  cable  not 
being  considered.  This  is  because  all  of  the  copper  proposed  in 
the  negative  feeder  system  will  be  obtained  by  removing  one  of 
the  present  positive  feeders,  as  already  explained.  This  labor 
charge  is  estimated  at  $46  per  1000  feet  of  300  000  circular  mil 
cable. 

■  (e)  Cost  of  Installation  of  High-Tension  Transmission  Line. — 
The  estimate  for  this  is  based  on  1 3  000  volt  three-phase  trans- 
mission, using  northern  cedar  poles  with  creosoted  butts,  No.  4 
copper  wires,  and  porcelain  insulators,  the  poles  being  35  feet 
long  and  set  40  poles  to  the  mile.     The  estimate  cost  of  this  line 
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is  $1350  per  mile,  and  as  the  line  would  probably  run  from  the 
Rockport  substation  its  length  would  be  9.5  miles. 

(/)  Cost  of  Installing  Resistance  Tap. — The  four  resistance  taps 
used  are  estimated  at  $30  each.  This  is  based  on  the  use  of 
galvanized-steel  cable  wound  on  a  frame  and  mounted  on  the 
pole  near  the  point  of  connection  to  the  feeder. 

{g)  Cost  of  Installation  of  Potential-Wires. — The  cost  of  installing 
these  wires  is  taken  at  $19  per  mile,  installed.  This  figure  is  based 
on  the  use  of  single  No.  12  galvanized-iron  wire  mounted  either 
on  the  poles  carrying  the  direct-current  feeders  or  on  the  trolley- 
.span  wires.  The  estimate  allows  $9  per  mile  for  materials,  includ- 
ing porcelain  insulators,  and  $10  per  mile  for  labor. 

2.  ANNUAL  OPERATING  COSTS 

In  determining  the  annual  charges  on  the  investment  required 
by  the  proposed  installation  and  other  operating  costs  we  have 
adopted  the  following  figures:  (a)  Building:  Interest,  5  per  cent; 
depreciation,  4  per  cent;  taxes,  1  per  cent;  insurance,  1  per  cent; 
total,  1 1  per  cent.  In  determining  the  depreciation  a  life  of  about 
1 7  years  is  assumed.  We  credit  interest  at  5  per  cent,  compounded 
annually,  to  the  depreciation  fund,  and  on  this  basis  a  life  of  1 7 
years  corresponds  to  an  annual  depreciation  rate  of  3.87  per  cent. 
The  figure  of  4  per  cent,  as  here  taken,  is  therefore  quite  ample  to 
cover  this  item,  (b)  Ground:  Interest,  5  per  cent;  taxes,  1  per 
cent;  total,  6  per  cent,  (c)  Equipment:  Interest,  5  per  cent;  de- 
preciation, 4  per  cent;  taxes,  1  per  cent;  insurance,  1  per  cent; 
total,  11  per  cent,  (d)  Cost  of  moving  cable:  Interest,  5  per  cent; 
amortization,  2  per  cent.  The  reason  for  not  figuring  depreciation, 
interest,  and  the  taxes  on  the  cost  of  the  copper  is  that  in  this 
case  we  have  simply  moved  the  cable  from  one  locality  to  another 
and  use  it  as  negative  instead  of  positive  feeder.  The  annual 
charge  on  the  copper  will  therefore  be  substantially  the  same  as 
it  is  under  present  conditions,  and  consequently  there  is  no  in- 
creased annual  charge  due  to  this  item  that  is  chargeable  to  the 
proposed  method  of  mitigation,  (e)  High-tension  transmission 
line:  Interest,  5  per  cent;  depreciation,  3  per  cent;  taxes,  1  per 
cent;  total,  9  per  cent.  The  depreciation  on  certain  portions  of 
the  transmission  line,  such  as  poles,  insulators,  etc.,  will  be  con- 
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siderably  greater  than  the  figure  here  given.  However,  a  consid- 
erable part  of  the  cost  of  the  line  is  in  No.  4  bare  copper  wire,  on 
which  the  depreciation  rate  is  very  low,  largely  because  of  its  rela- 
tively high  scrap  value.  The  3  per  cent  here  charged  to  deprecia- 
tion is  based  on  an  average  life  of  20  years  for  the  different  com- 
ponent parts  of  the  transmission  line.  (/)  Potential  wires:  Inter- 
est, 5  per  cent;  depreciation,  7  per  cent;  taxes,  1  per  cent;  total, 
13  per  cent.     The  7  per  cent  depreciation  corresponds  to  a  life  of 

11  years,     (g)  Resistance  taps :  Interest,  5  per  cent ;  depreciation, 

12  per  cent;  taxes,  1  per  cent;  total,  18  per  cent.  The  high  rate 
of  depreciation  here  used  is  due  to  the  fact  that  these  resistance 
taps  may  have  to  be  changed  occasionally  to  accommodate  the 
growth  or  redistribution  of  traffic.  The  12  per  cent  charged  rep- 
resents a  life  of  approximately  7  years,  (h)  Substation  operation : 
The  estimated  cost  of  operating  the  proposed  Chestnut  substation 
is  $1  800  per  year.  This  is  based  on  running  the  station  on  two 
shifts,  with  one  man  on  each  shift,  and  allowing  $200  per  year  for 
incidental  charges,  (i)  Cost  of  power:  The  cost  of  the  energy  lost 
in  the  positive  and  negative  distribution  is  taken  at  1.1  cents  per 
kilowatt-hour  and  the  economy  estimated  from  reduction  in  energy 
losses  are  based  on  this  figure.  This  is  probably  a  lower  figure 
than  the  actual  cost  to  the  company,  so  that  the  actual  saving 
that  would  accrue  will  no  doubt  be  considerably  greater  than 
these  estimates,  but  we  have  based  our  estimates  on  this  lower 
cost  in  order  to  be  conservative  and  to  give  the  railway  company 
a  good  margin  of  safety. 

3.  SUMMARY  OF  INITIAL  INVESTMENT  AND  OPERATING  COSTS 

Based  on  the  foregoing  unit  costs,  we  determine  the  installation 
cost  and  annual  operating  costs  as  shown  in  Table  7.  In  this 
table  the  first  column  names  the  item  in  question,  the  second 
column  gives  the  unit  installation  cost,  the  third  column  the  total 
installation  cost,  the  fourth  column  the  rate  of  annual  charge,  and 
the  last  column  the  total  annual  cost.  From  this  it  will  be  seen 
that  the  total  initial  investment  involved  in  making  the  proposed 
plan  effective  is  $34  373,  and  the  gross  annual  cost,  including 
operation  of  the  proposed  substation,  is  $5248.90. 
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TABLE  7 
Initial  Investment  and  Annual  Cost 


Item 

Unit  cost 

Initial 
invest- 
ment 

Per  cent 
annual 
charge 

Annual 
cost 

300-kilowatt  substation  equipment  foi  Cbestnut 

$30  per  kilowatt 

$9000.  00 

11 

$990. 00 

substation. 

300-kilowatt  substation  equipment  for  Penfield 

$30  per  kilowatt 

9000.  00 

11 

990. 00 

substation. 

1200.  00 

11 

132.  00 

100. 00 
12  825. 00 

6 
9 

6.00 

1154.25 

mission  line  between  Rockport  substation  and 

proposed  Cbestnut  substation. 

Labor  cost  of  moving  and  installing  copper  cable 

$46  per  1000  feet 

1968. 00 

7 

137.  75 

for  insulated  negative  feeder,   42  780  feet  of 

300  000  circular  mil  cable. 

$1.50  each 

55.00 

7 

3.85 

feeders  to  trolley  every  1200  feet  between  Elyria 

power  house  and  Ridgeville. 

$30  each 

120. 00 

18 

21.60 

lated  negative  feeder. 

$19  per  mile 

105.  00 

13 

13.45 

Operating  of  Cbestnut  substation:  Labor,  two 

1600. 00 

men  at  $800  per  year. 

200. 00 

Total 

34  373.00 

5248.  90 

*  The  potential  wires  for  the  Lake  Shore  Electric  Railway,  amounting  to  about  7800  feet,  are  not  included 
in  this  cost  estimate.    Their  cost  would  be  about  $26. 

To  offset  these  costs  we  have  to  consider  the  improvement  in 
service  conditions,  the  increase  in  reserve  capacity,  etc.,  as 
previously  mentioned  in  this  report,  and  in  addition  we  must 
take  account  of  the  large  saving  in  power  costs  that  accompany 
the  proposed  change.  It  has  already  been  shown  that  the  total 
saving  in  power  amounts  to  70.4  kilowatts  average  for  the  24-hour 
period,  and  at  1.1  cents  per  kilowatt  hour  the  value  of  this  is 
77.40  cents  per  hour.  Multiplying  this  by  8760,  the  number  of 
hours  in  a  year,  we  get  a  total  annual  saving  of  $6783.70  in  energy. 
Deducting  from  this  $5248.90,  the  total  annual  cost  of  the  pro- 
posed changes  as  shown  in  Table  4,  we  find  a  net  saving  of  $1534.80 
per  year.  The  proposed  installation,  therefore,  would  give  (a)  the 
desired  results  in  the  way  of  protection  to  the  underground  utilities 
in  the  city  of  Elyria,  (6)  a  large  net  profit  over  and  above  the 
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proper  annual  charges  on  the  installation  cost,  and  (c)  greatly 
improved  operating  conditions  and  reserve  capacity  in  the  power- 
distribution  system,  resulting  in  better  and  more  reliable  service 
and  a  large  capacity  for  future  growth  of  traffic  without  the 
necessity  of  increasing  the  substation  equipment.  It  is  evident, 
therefore,  that  the  proposed  changes  would  be  desirable  solely 
from  the  standpoint  of  satisfactory  and  economical  car  operation, 
and  when  we  consider  that  at  the  same  time  electrolysis  troubles 
in  the  city  of  Elyria  would  be  so  greatly  reduced  as  to  become 
practically  negligible  the  proposed  changes  appear  to  be  highly 
desirable  from  every  point  of  view. 

4.  COMPARISON  OF  COST  OF  THE  PROPOSED  SYSTEM  WITH  THAT  OF 
A  NEGATIVE  BOOSTER 

In  addition  to  the  proposed  installation,  as  outlined  in  an  earlier 
part  of  this  report,  we  have  also  considered  carefully  the  advisa- 
bility of  installing  a  negative  booster  at  the  Elyria  power  house 
in  lieu  of  the  resistance  tap  between  the  negative  bus  and  the 
rails  at  that  point,  the  object  being  the  possible  saving  of  the 
power  which  under  the  proposed  plan  would  be  expended  in  the 
resistance  tap.  Careful  calculations  have  shown,  however,  that 
the  energy  thus  saved  would  be  very  slight,  because  of  the  large 
losses  in  the  booster  itself,  operating,  as  it  would,  on  a  poor  load 
factor.  In  fact,  unless  the  current  density  in  the  cables  is  run 
nearly  as  low  as  under  the  proposed  plan,  the  losses  would  be  in- 
creased under  the  booster  system,  so  that  it  would  be  impossible 
to  save  enough  in  the  copper  cost  to  pay  for  the  booster  equip- 
ment. The  resistance  tap  is  therefore  not  only  more  economical 
than  the  negative  booster,  but  it  is  also  much  simpler,  and  should 
therefore  be  adopted. 

XI.  GENERAL    SUMMARY 

Reviewing  briefly  the  ground  discussed  in  some  detail  in  the 
foregoing  portions  of  this  report,  we  find  that  the  evidence  at 
hand  indicates  that  present  electrolysis  conditions  in  Elyria  are 
unsatisfactory  and  that  great  reductions  in  the  potential  drops  in 
the  negative  return  must  be  made  in  order  that  damage  to  under- 
ground structures  may  be  reduced  to  a  reasonable  minimum. 
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The  most  effective  and  logical  way  of  protecting  the  underground 
structures  is  by  applying  remedial  measures  to  the  railway  system 
itself,  such  measures  being  designed  to  reduce  potential  gradients 
to  much  lower  values  than  those  that  prevail  in  Elyria  at  the 
present  time.  Inasmuch  as  it  is  not  practicable  to  entirely  elimi- 
nate the  last  trace  of  stray  currents  in  the  earth,  it  may  be  desir- 
able in  the  case  of  lead  cables  to  supplement  the  reduction  of 
voltages  in  the  negative  return  by  a  very  limited  amount  of 
drainage,  such  drainage  being  no  more  than  absolutely  necessary 
to  keep  the  cables  from  becoming  positive  to  any  dangerous  extent 
to  the  surrounding  structures.  If  the  potential  gradients  specified 
in  the  above  report,  namely,  0.3  volt  per  1000  feet  average  for  the 
24-hour  period,  be  maintained,  it  is  altogether  improbable  that 
any  additional  protection  will  be  required  on  the  underground 
pipe  systems.  In  case  such  additional  protection  should  be  found 
desirable  it  should  preferably  be  applied  by  breaking  up  the  con- 
tinuity of  the  pipe  systems  by  inserting  insulating  or  high- 
resistance  joints  at  intervals  rather  than  by  applying  the  drainage 
system  to  such  pipes.  If  the  potential  gradients  are  lowered  to 
the  point  above  recommended,  only  infrequent  insulating  joints 
will  be  necessary.  As  a  matter  of  precaution  these  should  be 
installed  at  intervals  of  a  few  hundred  feet  in  all  new  work  that  is 
likely  to  be  affected  by  stray  currents,  and  they  should  also  be 
installed  in  old-pipe  networks  wherever  this  can  be  done  without 
material  increase  in  expense — for  example,  when  repairs  to  the 
lines  are  being  made. 

A  study  of  the  present  distribution  system  shows  that  it  is  not 
economical  to  reduce  the  voltages  in  the  negative  return  to  the 
desired  safe  limit  with  the  present  arrangement  of  the  positive 
feeding  system.  Moreover,  the  present  conditions  are  such  that 
it  is  not  economical  to  continue  operating  under  the  present 
feeder  system,  while  the  maintenance  of  satisfactory  car  service 
with  reasonable  reserve  capacity  to  guard  against  interruption  of 
traffic  requires  that  a  substation  be  placed  between  Elyria  and 
Rockport,  as  contemplated  in  the  proposed  plan.  These  changes 
consist  in  the  installation  of  an  additional  substation  between 
Elyria  and  Rockport,  preferably  in  the  vicinity  of  Chestnut.  The 
capacity   of   this   station   should   be   about   300   kilowatts.     An 
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increase  in  the  capacity  of  the  present  Penfield  substation  is  also 
necessary,  an  increase  of  300  kilowatts  being  preferable,  while  at 
the  same  time  arrangements  should  be  made  for  feeding  one-half 
of  the  Elyria- Penfield  section  from  the  Penfield  substation. 

It  is  also  recommended,  both  for  the  purpose  of  reducing  the 
potential  drops  in  the  negative  return  and  for  reducing  the  energy 
losses  in  the  rails,  to  interconnect  the  tracks  of  the  Cleveland, 
Southwestern  &  Columbus  Railway  to  the  Lake  Shore  Electric 
Railway  where  they  approach  closely  to  each  other  on  Mill  Street 
and  on  West  Street. 

A  third  measure  consists  in  the  installation  of  a  negative  return 
feeder  system  extending  from  the  negative  bus  of  the  Elyria  power 
house  to  the  tracks  on  the  Lake  Shore  Electric  Railway  at  Lodi 
and  Mill  Streets  with  connections  to  the  tracks  of  the  Cleveland, 
Southwestern  &  Columbus  Railway  through  suitable  resistance 
taps  at  Broad  and  Court  Streets,  at  the  siding  between  Eighth 
and  Ninth  Streets,  and  at  Sixteenth  Street  and  at  the  negative  bus. 

As  a  further  means  of  keeping  a  close  watch  on  the  voltage 
conditions  existing  in  the  negative  return  system,  it  is  urged  that 
a  system  of  potential  wires  be  run  from  some  central  point,  prefer- 
ably the  passenger  station  on  Court  Street,  to  various  remote 
points  on  the  tracks  of  both  railway  lines.  It  is  recommended 
that  such  wires  be  run  from  the  passenger  station  and  connected 
to  the  tracks  at  the  following  points:  Broad  and  Court  Streets, 
Lodi  and  Mill  Streets,  Sixteenth  Street  and  Middle  Avenue,  Lake 
Avenue  and  corporation  line,  Cleveland  Street  and  corporation 
line,  Gulf  and  Cleveland  Streets,  and  the  intersection  of  the  Lake 
Shore  Electric  Railway  tracks  with  the  corporation  line. 

With  the  changes  in  feeding  distances,  interconnection  of 
tracks,  and  the  installation  of  the  negative  return  feeder  system, 
as  described  above,  the  potential  gradients  in  the  negative  return 
throughout  the  city  of  Elyria  will  be  reduced  to  a  value  not 
exceeding  0.3  volt  per  1000  feet  average  for  the  24  hours.  In 
order  to  accomplish  this  end  it  has  been  shown  that  the  total 
initial  investment  required  will  be  $34  373,  which  covers  the 
cost  of  the  new  equipment  required,  building  and  ground  for 
the  proposed  substation,  the  resistance  taps  for  the  negative 
feeder '  system,  the   potential  wires  for  test   purposes,   and   the 
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high-tension  transmission  line  from  Rockport  to  the  proposed 
new  substation.  The  installation  of  the  proposed  .  substation 
makes  it  desirable  to  remove  one  of  the  present  positive  feeders 
running  from  the  Elyria  power  house  to  the  vicinity  of  Ridgeville, 
and  this  supplies  more  than  enough  copper  for  the  entire  proposed 
negative  return  feeder  system,  so  that  no  purchase  of  additional 
copper  is  contemplated.  The  total  annual  cost  of  the  proposed 
changes,  making  due  allowance  for  interest,  depreciation,  insur- 
ance, taxes,  and  extra  operating  expenses,  amounts  to  $5248.90 
per  year.  There  results  from  the  proposed  changes,  however,  a 
power  saving  of  70.4  kilowatts  average  for  24  hours,  which  at 
the  low  estimate  of  1.1  cents  per  kilowatt  hour  has  an  annual 
value  of  $6783.70,  which  is  sufficient  to  pay  all  of  the  annual 
charges  on  the  proposed  installation,  leaving  a  net  profit  of 
$1534.80  per  year.  In  addition  to  this  the  reserve  capacity  of 
the  power-supply  stations  will  be  increased  by  a  total  of  600 
kilowatts.  Further,  the  reduction  of  70  kilowatts  in  the  average 
power  loss  corresponds  to  a  reduction  in  the  peak-load  loss  of  at 
least  200  kilowatts,  so  that  the  total  net  increase  in  reserve 
capacity  of  the  power-supply  system  is  about  800  kilowatts,  all 
of  which  has  a  large  cash  value  over  and  above  the  net  profit  as 
above  estimated.  In  addition  to  this  we  have  to  consider  the 
improvements  in  car  service, .  resulting  from  better  and  more 
uniform  voltage  at  the  cars,  giving  more  reliable  service  and 
better  car  lighting,  while  the  shortening  of  the  feeding  distances 
gives  much  greater  insurance  for  continuity  of  traffic  because 
under  the  proposed  plan  the  temporary  shutdown  of  one  station 
will  not  interfere  with  the  car  schedules  to  the  extent  that  it 
would  under  present  feeding  conditions. 

From  the  foregoing  discussion  it  appears  that  the  changes 
recommended  in  this  report  are  highly  important  when  con- 
sidered solely  from  the  standpoint  of  everyday  operating  condi- 
tions. The  economies  resulting  are  more  than  sufficient  to  pay 
all  annual  charges  on  the  installation  cost  and  leave  a  large  net 
profit,  in  addition  to  reducing  the  potential  gradients  in  the 
negative  return  to  so  low  a  value  that  damage  from  electrolysis 
will  be  negligible. 

Washington,  June  29,  191 5. 
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After  the  above  report  was  submitted  to  the  city  of  Elyria, 
the  railway  company,  and  other  utility  companies  concerned, 
negotiations  were  entered  into  between  the  city  and  the  railway 
company  as  a  result  of  which  the  railway  company  agreed  to 
install  completely  the  method  of  mitigation  hereinabove  recom- 
mended, and  the  railway  company  has  agreed  to  have  the  provi- 
sions of  this  report  incorporated  into  its  franchise.  That  portion 
of  the  franchise  referring  to  this  subject  reads  as  follows: 

Said  Company,  by  the  acceptance  of  this  franchise,  hereby  agrees  to  install  and  put. 
into  use  within  two  (2)  years  from  the  acceptance  hereof,  all  of  the  equipment,  appli- 
ances and  wiring  to  prevent  electrolysis  that  was  recommended  by  the  Bureau  of 
Standards  of  the  United  States  Government  in  its  report  to  said  City  dated  June  26th, 
1914,  and  now  on  file  in  the  office  of  the  Clerk  of  the  Council  of  said  City. 

And  said  Company  further  agrees  that,  if  at  any  time  during  the  life  of  this  franchise, 
the  Council  of  said  City  shall,  upon  recommendation  of  said  Bureau,  require  any 
change,  addition,  alteration,  or  omission  in  such  equipment  and  appliances,  that  said 
Company  will  make  such  change,  addition,  alteration  or  omission  within  the  time 
required  by  the  Council  of  said  City. 

Certain  recommendations  made  above  have  already  been 
adopted  and  put  into  operation  at  the  time  this  report  goes  to 
press,  and  it  is  understood  that  the  remaining  features  will  be 
adopted  as  soon  as  practicable.  The  Bureau  of  Standards  will 
check  up  electrolysis  conditions  in  Elyria  from  time  to  time  with 
a  view  of  determining  definitely  what  conditions  are  after  the  new 
system  has  been  completely  installed. 
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I.  INTRODUCTION 
1.  EARLY  HISTORY  OF  THE  LIGHTNING  ROD 

The  conception  of  the  lightning  rod  dates  from  the  summer  of 
1750.  During  that  year  Benjamin  Franklin,  in  letters  to  his 
friends,  Peter  Collinson  and  Dr.  Mitchel,  Fellow  and  Member, 
respectively,  of  the  Royal  Society  of  London,  reported  some  of 
the  results  of  his  researches  in  electricity  which  had  led  him  to 
infer  the  identity  between  electricity  and  lightning.  In  one  of 
those  letters  he  suggested  that  damage  by  lightning  to  buildings, 
and  other  objects  upon  the  surface  of  the  earth,  might  be  pre- 
vented by  the  erection  upon  their  summits  of  sharp-pointed  iron 
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rods,  the  lower  ends  of  which  should  be  extended  into  the  ground. 
In  June,  1752,  Franklin  performed  his  well-known  kite  experi- 
ment, which  was  the  means  of  fully  establishing  the  tentative 
conclusions  he  had  drawn  from  the  results  of  his  previous  researches. 
In  the  summer  of  1753  he  erected  on  his  house  in  Philadelphia  the 
only  lightning  rod  then  in  existence.  This  rod,  which  was  of  iron, 
extended  5  feet  into  the  ground,  and  had  a  sharp  point  raised  7 
or  8  feet  above  the  roof.  It  was  evidently  intended  by  its  inventor 
to  serve  both  as  a  protection  against  lightning,  and  as  a  means  of 
observing  the  effects  of  atmospheric  electricity.  Franklin's  con- 
fidence in  the  protective  properties  of  his  lightning  rod  was  such 
that  he  persuaded  several  of  his  friends  to  allow  him  to  erect  sim- 
ilar rods  on  their  houses  in  order  that  he  might  have  a  better 
opportunity  to  observe  their  effects.  After  many  months  of  pa- 
tient waiting  his  confidence  in  his  new  device  was  found  to  be 
justified.  During  a  severe  thunderstorm  several  persons  plainly 
saw  lightning  strike  a  rod  on  the  house  of  a  Mr.  West.  The  flash 
was  carried  off  without  damage  to  the  building,  and  the  only  ob- 
servable evidences  of  its  passage  were  a  slight  melting  of  the  rod 
at  its  point  and  a  disturbance  of  the  earth  about  the  place  where 
it  entered  the  ground,  which  was  afterwards  found  to  be  very  dry. 
When  Franklin  felt  that  the  usefulness  of  his  invention  had  been 
fully  established  by  experiment  and  observation,  he  began  at  once 
to  devote  a  great  deal  of  his  time  to  advocating  the  use  of  light- 
ning rods  as  a  means  of  protecting  buildings  against  lightning. 
In  this  he  was  ably  assisted  by  many  friends  both  in  America  and 
Europe,  but  the  progress  made  was  far  from  satisfactory.  In 
America  rods  were  often  erected  in  a  haphazard  manner  by  un- 
skilled persons,  and  many  grievous  calamities  resulted.  Certain 
individuals,  whose  counterparts  have  always  been  associated  with 
the  lightning-rod  business,  went  traveling  about  the  country  sell- 
ing rods  and  soon  made  themselves  notorious  as  "lightning-rod 
men;"  their  fraudulent  operations  causing  much  prejudice  against 
lightning  rods  to  arise  among  people  who  would  otherwise  have 
been  kindly  disposed  toward  the  new  device.  In  England  light- 
ning rods  were  looked  upon  coldly  by  the  Royal  Society,  although 
Peter  Collison  and  Dr.  Mitchel  worked  hard  to  secure  the  Society's 
recognition  of  their  worth.     On  account  of  this  attitude  of  the 
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Royal  Society  very  little  general  notice  was  taken  of  the  invention 
of  the  Philadelphia  printer.  This  indifference  was  changed  later 
into  strong  opposition  on  the  part  of  many  influential  English 
people.  In  France  the  inventor  and  his  invention  were  very  cor- 
dially received  in  many  quarters.  This  kindly  feeling,  however, 
was  more  than  offset  by  the  opposition  encountered  among  the 
representatives  of  religious  orders  of  all  kinds,  in  Europe  as  well 
as  in  America,  many  of  wrhom  regarded  Franklin  as  an  infidel  in 
the  act  of  proposing  to  interfere  with  the  operations  of  what  they 
imagined  to  be  a  Divine  instrument  for  the  punishment  of  sinners. 
Because  of  this  religious  prejudice  a  great  many  years  passed 
before  lightning  rods  were  used  to  any  extent  for  the  protection 
of  church  buildings,  although  during  the  same  time  the  ringing  of 
bells  was  recommended  by  certain  of  the  clergy  as  efficacious  in 
dispelling  thunderstorms  and  warding  off  lightning  strokes. 

In  many  instances  progressive  persons  erected  lightning  rods 
only  to  have  them  torn  down  later  by  an  angry  populace  which 
imagined  them  responsible  for  crop  failures,  earthquakes,  and 
other  evidences  of  what  seemed  to  them  to  be  Divine  displeasure. 
In  line  with  this  attitude  of  the  general  public  toward  lightning 
rods,  it  is  reported  that  on  a  certain  occasion  an  Englishman,  who 
was  residing  in  St.  Omer,  France,  erected  a  lightning  rod  over  his 
house.  When  this  fact  became  generally  known  a  great  public 
disturbance  arose  and  the  rod  was  torn  down  and  carried  away. 
The  Englishman  took  his  case  before  the  courts,  and  after  pro- 
tracted pleadings  the  French  tribunals  decided  that,  inasmuch  as 
there  wras  nothing  in  the  statutes  which  prohibited  the  attachment 
of  metal  rods  to  buildings,  such  rods  might  be  attached,  provided 
that  certain  precautions  were  observed  in  so  doing.  The  lawyer 
who  conducted  the  case  for  the  plaintiff  was  Robespierre,  then  a 
very  young  man,  and  at  that  time  unknown  to  fame.1 

The  first  recognition  of  the  worth  of  lightning  rods  by  any 
Government  of  Europe,  or,  indeed,  of  the  wTorld,  wras  given  when 
the  Senate  of  Venice,  on  May  9,  1778,  ordered  the  erection  of 
lightning  rods  throughout  the  Republic. 

A  complete  history  of  the  lightning  rod  would  illustrate  in  a 
striking  manner  the  gradual  vanishing,  during  the  last  century, 

1  Richard  Anderson,  Lightning  Conductors,  p.  35. 
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of  the  superstitions  formerly  held  by  civilized  people  regarding 
the  phenomena  of  nature. 

2.  PRESENT  STATUS  OF  THE  PRACTICE  OF  PROTECTION  AGAINST 

LIGHTNING 

After  more  than  160  years  of  use,  in  which  the  usefulness  of  the 
lightning  rod  has  been  demonstrated  in  a  very  practical  manner, 
there  is  at  present  hardly  any  electrical  device  about  which  there 
is  a  greater  diversity  of  opinions  or  in  the  application  of  which 
a  greater  number  of  diametrically  opposite  methods  are  used  to 
accomplish  the  same  results.  As  an  example  of  this  diversity  of 
opinions,  it  may  be  stated  that  in  some  localities  in  the  United 
States  the  impression  is  prevalent  that  the  presence  of  a  lightning 
rod  is  a  menace  to  property,  whereas  in  others  lightning  rods  are 
generally  believed  to  be  a  great  protection.  The  belief  that  they 
are  a  menace  has  probably  arisen  in  most  cases  from  the  notion 
held  by  many  that  lightning  rods  "attract  lightning." 

As  examples  of  diametrically  opposite  methods  in  the  appli- 
cation of  lightning  rods,  we  see  the  adherence  to  the  use  of  glass 
or  porcelain  insulators  between  the  rod  and  the  building  in  some 
localities,  while  in  others  such  insulators  are  omitted.  As  another 
example,  we  find  that  in  some  countries  it  is  forcibly  argued  that 
sharp  points  are  an  absolute  necessity  as  an  adjunct  to  aerial 
terminals,  whereas  in  others,  as  in  Austria,  a  system  of  protection 
against  lightning  is  quite  generally  in  use  in  which  aerial  terminals 
are  dispensed  with  entirely.  Moreover,  some  advocate  the  use  of 
iron  for  conductors,  others  urge  copper  on  account  of  its  high 
conductivity.  The  shape  and  size  of  the  conductor  has  also 
caused  much  discussion  with  little  agreement.  A  great  deal  more 
discussion  without  agreement  has  developed  out  of  the  question 
of  whether  metallic  masses  in  and  about  a  building  should  be  con- 
nected to  its  rods,  and,  if  they  were  to  be  connected,  to  what 
extent  this  interconnection  should  be  carried.  From  the  results 
of  experiments  some  authorities  have  concluded  that  metallic 
masses  in  a  powder  mill  should  be  insulated ;  others  conclude,  from 
the  results  of  experiments,  that  they  should  be  thoroughly  earthed. 
Various  types  of  earth  terminals  are  urged  by  different  people. 

This  general  disagreement  extends,  in  some  respects,  to  manu- 
facturers of  lightning  rods,  at  least,  in  the  United  States.     Much 
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of  the  disagreement  among  them,  however,  has  probably  arisen 
from  competition,  and  in  certain  cases  their  efforts  to  produce 
something  new  and  original  have  led  to  very  fantastic  results. 
Many  curious  forms  of  lightning  conductors  and  points  for  aerial 
terminals  have  also  grown  out  of  this  attempt  on  the  part  of  each 
company  to  outstrip  its  competitors.  The  advantages  claimed  for 
most  of  these  special  forms  of  conductors  and  points  are  rather 
dubious,  however,  when  considered  in  the  light  of  known  facts 
concerning  lightning  phenomena. 

On  the  other  hand,  these  manufacturers  are  quite  agreed  that 
the  placing  of  aerial  terminals  on  all  vertical  prominences  of  a 
building  is  a  necessity.  There  are  also  many  other  points  of 
agreement  among  them  which  will  be  taken  up  in  detail  later. 

3.  LACK  OF  ATTENTION  BY  THE  PUBLIC  TO  PROTECTION  AGAINST 

LIGHTNING 

It  has  been  estimated  that  not  more  than  15  or  20  per  cent  of 
the  buildings  in  the  United  States  which  are  liable  to  damage  by 
lightning  are  protected  in  any  manner  against  it.  This  indiffer- 
ence on  the  part  of  the  owners  of  these  buildings  may  be  traced 
to  several  causes,  not  the  least  of  which  is  the  impression  left  by 
swindling  lightning-rod  agents  of  30  or  40  years  ago,  who  prospered 
greatly  at  the  expense  of  a  credulous  public.  Rods  of  every  de- 
scription were  then  erected  at  excessive  cost  to  the  purchaser  and 
in  most  cases  without  much  regard  for  the  rules  that  should  be 
followed  in  their  erection.  The  object  was  to  make  a  great  showing 
with  a  minimum  of  material  and  labor;  to  accomplish  this  the 
conductors  in  many  instances  were  discontinued  a  few  inches 
below  the  surface  of  the  ground.  If  the  purchaser  did  not  have 
the  money  to  pay  for  the  rods  at  the  time  they  were  installed  he 
was  often  urged  to  sign  a  note,  which  was  discounted  at  the  nearest 
bank,  sometimes  after  having  been  fraudulently  raised  to  several 
times  the  amount  the  signer  supposed  it  to  call  for  when  he  affixed 
his  signature.  Hundreds  of  people  were  swindled  in  this  manner, 
and  found  themselves  in  possession  of  what  might  have  been  a 
very  useful  device,  if  properly  installed,  but  which  soon  came  to 
be  regarded  as  more  or  less  useless  by  the  unfortunate  owners, 
except  as  scrap  metal,  and  as  a  joke  by  those  of  their  acquaintances 
who  had  escaped  the  wiles  of  the  agent. 
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Authors  of  various  works  on  the  subject  of  protection  against 
lightning  are  also  responsible  for  a  large  part  of  the  lack  of  atten- 
tion to  the  prevention  of  damage  by  lightning.  They  have  stated 
in  a  variety  of  terms  that  ' '  a  faulty  rod  is  worse  than  no  rod  at 
all."  Since  lightning  rods,  as  usually  installed,  readily  develop 
faults  described  by  these  authors,  many  persons  have  considered 
that  rods  on  buildings  would  sooner  or  later  increase  the  risk  to  a 
degree  which  would  more  than  offset  the  protection  that  might  be 
obtained  while  the  rods  remained  in  good  condition. 

The  statement  that  a  faulty  rod  is  worse  than  no  rod  at  all, 
however,  is  not  borne  out  by  the  evidence.  On  the  contrary,  every 
building  that  is  struck  by  lightning  shows  that,  to  a  certain  degree, 
even  a  part  of  a  rod  is  better  than  no  rod  at  all.  For  instance,  a 
writer  in  the  Western  Underwriter  reports  that  the  two  ground 
connections  of  the  lightning  rod  on  a  certain  barn  were  broken  at 
the  surface  of  the  ground  and  several  feet  of  each  of  the  two  rods 
above  that  point  were  gone.  Lightning  struck  the  rod,  killing  a 
calf  that  was  at  the  time  standing  near  one  of  the  loose  ends  of 
the  rod,  and  breaking  several  stones  out  of  the  foundation  of  the 
barn  near  the  other  loose  end.  There  is  no  report  of  the  barn  hav- 
ing burned,  which,  though  it  could  have  easily  occurred  under  the 
circumstances,  would  have  been  probable  had  it  not  been  for  the 
piece  of  lightning  rod  which  would  be  described  by  some  persons  as 
being  "  worse  than  no  rod  at  all."  Such  instances  might  be  multi- 
plied almost  indefinitely.  In  fact,  any  extended  piece  of  metal 
in  a  building  usually  acts  as  a  part  of  the  path  of  a  lightning  stroke 
in  the  event  of  the  building  being  struck,  to  the  practical  exclusion 
of  damage  to  nonconducting  paths  parallel  to  it.  This  must  not 
be  taken,  however,  as  a  justification  for  poor  construction  or 
neglect  of  rods  when  installed.  Good  grounding  and  a  continuous 
path  to  ground  are  important,  and  the  maximum  degree  of  pro- 
tection can  not  be  obtained  without  them. 

4.  THE  NEED  FOR  INVESTIGATION  AND  SPREADING  INFORMATION  CON- 
CERNING PROTECTION  AGAINST  LIGHTNING 

Even  a  casual  study  of  the  subject  of  protection  against  light- 
ning, as  it  is  now  practiced,  shows  the  need  for  a  comprehensive 
investigation  of  the  electrical  characteristics  of  lightning,  such  as 
frequency,   intensity,   and   energy,   in   order  that  the  design   of 
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lightning  rods  may  be  placed  upon  a  scientific  basis.  At  present 
no  actual  measurements  of  frequency  or  energy  are  recorded. 
Attempts  have  been  made  to  measure  the  current  intensity  of  a 
flash  of  lightning,  and  a  more  or  less  satisfactory  estimate,  based 
upon  calculation  and  measurement,  has  been  obtained,  but  aside 
from  this  there  is  almost  no  exact  knowledge  of  lightning  except 
that  inferred  from  points  of  similarity  between  lightning  and 
other  electrical  phenomena  with  which  we  are  familiar.  The 
need  for  spreading  information  on  the  subject  of  protection  against 
lightning  is  also  very  apparent.  There  is  a  widespread  popular 
notion  that  lightning  rods  are  quite  expensive,  and  at  best  not 
as  inexpensive  as  fire  insurance.  The  extent  to  which  this  idea 
is  erroneous  will  be  brought  out  hereafter  in  this  paper.  There 
is  also  a  great  need  for  emphasizing  the  fact  that  not  every  artisan 
who  can  scale  a  building  is  a  fit  person  to  plan  and  install  a  system 
of  lightning  rods.  Although  a  system  of  lightning  rods  appears 
to  be  a  very  simple  affair,  the  element  it  is  intended  to  control  is 
not  governed  by  simple  laws;  that  is,  laws  such  as  might  be 
readily  understood  by  an  artisan  not  specially  trained  in  this 
field.  As  a  matter  of  fact,  the  unsuspected  weaknesses  which,  in 
many  cases,  have  developed  in  lightning-rod  systems  at  the  crit- 
ical moment,  and  have  lead  to  serious  damage,  could  in  most 
cases  easily  have  been  prevented  if  the  plans  of  the  systems  had 
been  submitted  to  someone  qualified  to  pass  upon  them  previous 
to  their  installation. 

5.  OBJECT  OF  THIS  PAPER 

The  object  of  this  paper  is  to  present  the  information  at  present 
available  on  the  subject  of  protection  against  lightning,  with  a 
view  to  bringing  about  a  greater  uniformity  of  practice  in  the 
installation  of  lightning  rods,  and  encouraging  people  to  make 
use  of  them  as  a  protective  device.  It  is  also  intended  that  this 
work  shall  prepare  a  foundation  for  future  work  by  the  Bureau 
of  Standards  in  connection  with  this  subject.  To  this  end  the 
literature  of  the  subject  has  been  carefully  examined,  manufac- 
turers of  lightning  rods  have  been  asked  to  describe  the  manner 
in  which  they  think  they  should  be  installed,  and  a  great  deal 
of  data  has  been  collected  from  various  sources  from  which  may 
be  estimated  the  desirability  of  protection  against  lightning. 
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No  attempt  is  made  in  this  paper  to  make  every  man  his  own 
lightning-rod  expert,  because,  as  shown  throughout  the  history 
of  the  lightning  rod,  all  such  attempts  have  been  failures. 

II.   DESIRABILITY    OF   PROTECTION   AGAINST   LIGHTNING 

In  judging  of  the  importance  of  protection  against  lightning 
there  are  two  things  to  be  considered:  (a)  Lightning  as  a  cause 
of  fire  and  damage  to  property,  and  (b)  lightning  as  a  cause  of 
personal  injury  and  loss  of  life. 

1.  LIGHTNING  AS  A  CAUSE  OF  FIRE  AND  DAMAGE  TO  PROPERTY 

The  data  on  property  losses  by  lightning  are  chiefly  obtainable 
from  the  reports  of  State  fire  marshals,  and  from  compilations  of 
data  made  up  from  the  reports  of  fire  insurance  companies.  These 
data  deal  almost  exclusively  with  fires  following  strokes  of  light- 
ning. Certain  fire  insurance  companies  make  a  special  practice 
of  insuring  buildings  and  live  stock  against  any  kind  of  damage 
by  lightning,  but  in  the  data  which  are  ordinarily  ascessible  the 
records  of  the  losses  paid  by  these  companies  on  account  of  dam- 
age by  lightning  without  fire  are  too  incomplete  to  warrant  any 
deductions  being  made  from  them.  The  reports  of  the  fire  mar- 
shals from  States  where  the  office  has  been  in  existence  for  some 
time  are,  however,  quite  complete  and  reliable  as  to  fires  of  all 
kinds,  and  the  same  may  be  said  of  the  reports  of  the  insurance 
companies  in  so  far  as  insured  buildings  are  concerned. 

For  the  purposes  of  this  paper  the  reports  of  fire  marshals  in 
13  States  were  obtained  for  one  or  more  of  the  years  1909  to 
1 91 3,  inclusive.  In  nearly  all  cases  a  complete  series  of  reports 
for  those  years  was  not  available;  several  of  them  because  of 
the  date  of  establishment  of  the  office  being  too  recent.  These 
reports  are  abstracted  in  Table  No.  1  to  show,  for  the  different 
years,  the  percentage  of  the  total  number  of  fires  in  each  State 
due  to  lightning.  This  percentage  is  seen  to  vary  a  great  deal 
from  year  to  year  for  the  different  States.  The  order  in  which  the 
States  having  the  greatest  percentage  of  fires  by  lightning  succeed 
each  other  in  the  list  is  as  follows:  Iowa,  Maryland,  Wisconsin, 
New  York,  Ohio,  Illinois,  Texas,  and  so  on.  In  the  long  run 
some  of  these  might  interchange  places,  but  they  undoubtedly 
would  remain  near  the  head  of  the  list. 
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TABLE  1 
Percentages  of  the  Total  Number  of  Fires  Caused  by  Lightning 


States 

Year 

Fires 
caused  by 
lightning 

Total 
number 
of  fires 

Per- 
centage 
of  total 

fires 
caused  by 
lightning 

1910 
1911 
(1910 
jl911 
[l912 
1912 
1912 
1911 
1913 
1912 
1910 
1911 
1912 
1910 
1911 
1909 
1910 
1912 
1913 
1913 
1911 
1912 
1910 
1911 

24 

7 

|          899 

319 

162 

11 

50 

306 

64 

157 

83 

10 

16 

105 

117 

150 

163 

17 

43 

24 

154 

194 

2094 
2090 

33  000 

9092 
2100 
713 
1523 
8165 
5929 
6754 
7430 
560 
612 
1707 
2340 
1224 
2801 
1265 
1696 
1996 
4724 
4930 

1.15 

Do 

.33 

2.73 

Illinois  2 

3.51 

7.71 

1.54 

Do.   

3.28 

New  York  * 

3.75 

1.08 

Do 

2.33 

Do 

1.11 

1.79 

Do 

2.62 

6.18 

Do 

5.00 

12.25 

Do 

5.82 

1.34 

2.54 

Do 

1.20 

Ohio 

3.26 

Do 

3.94 

Total 

3075 

102  745 

2.99 

2  Including  the  city  of  Chicago.       3  Outside  the  city  of  New  York.       4  Including  the  city  of  Boston. 

The  total  number  of  fires  given  for  some  of  the  States  include 
fires  in  large  cities,  such  as  Chicago  and  Boston.  In  large  cities  the 
proportion  of  fires  per  unit  area  caused  by  lightning  is  extremely- 
low  in  comparison  with  those  from  other  causes,  the  relative  danger 
in  urban  and  rural  districts  from  fires  due  to  lightning  being  some- 
what in  proportion  to  the  relative  areas  in  combination  with  other 
factors,  such  as  the  number  of  buildings  per  unit  area.  As  an 
instance  of  this  it  is  found  that  in  Illinois,  during  191 2,  297  fires 
were  caused  by  lightning  outside  of  the  city  of  Chicago,  while  there 
were  5197  fires  from  all  causes  in  the  same  territory.  During  the 
same  time  there  were  3895  fires  from  all  causes  in  Chicago  and  22 
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from  lightning.  The  number  of  fires  in  the  State  caused  by  light- 
ning was,  therefore,  5.71  per  cent  of  the  number  of  fires  from  all 
causes,  and  the  number  of  fires  in  Chicago  caused  by  lightning  was 
0.56  per  cent  of  the  number  of  fires  from  all  causes.  There  are  also 
many  cities  of  considerable  size  in  the  State  aside  from  Chicago 
which  were  not  taken  account  of  as  such  in  the  fire  marshal's  report, 
so  it  is  obvious  that  the  proportion  of  fires  by  lightning  in  the  rural 
districts  of  Illinois  is  much  higher  than  that  indicated  by  the  table. 
This  is  more  or  less  the  case  for  the  rest  of  the  States  according  to 
the  size  and  number  of  the  cities  located  within  their  borders.  In 
Massachusetts,  for  instance,  the  number  of  fires  caused  by  lightning 
for  1910,  1911,  and  1912  was  1.51  per  cent  of  the  number  of  fires 
from  all  causes  for  the  entire  State;  outside  of  the  city  of  Boston 
the  number  of  fires  caused  by  lightning  was  2.19  per  cent  of  the 
number  of  fires  from  all  causes. 

The  percentage  of  the  total  number  of  fires  for  all  of  the  States 
which  are  due  to  lightning  is  2.99.  The  geographical  distribution 
of  the  States  is  such  that  we  may  safely  conclude  that  about  3  per 
cent  is  a  fair  average  for  the  entire  country.  As  a  check  on  this 
we  have  Table  2,  taken  from  Chronicle  Fire  Tables,  which,  up  to 
1903,  was  published  by  the  Chronicle  Publishing  Co.,  of  New  York. 
This  table  gives  an  analysis  by  causes  of  215  453  fires  which 
occurred  in  insured  property  in  every  State  in  the  United  States 
during  1901  and  1902,  and  shows  that  2.82  per  cent  of  the  total 
number  of  fires  recorded  were  caused  by  lightning.  This  checks 
closely  with  the  foregoing  value  of  2.99  per  cent.  This  report 
makes  the  principal  causes  of  fire  fall  in  the  following  order:  (1) 
Exposure  to  burning  property,  (2)  defective  flues  or  smokestacks, 
(3)  sparks,  all  sources,  (4)  incendiarism,  (5)-  careless  use  of  matches, 
(6)  stoves  and  stove  pipes,  (7)  lamp  accidents  and  explosions,  (8) 
lightning. 

Table  No.  2  also  shows  that  the  loss  by  fire  caused  by  lightning 
in  insured  property  during  1901  and  1902  was  2.4  per  cent  of  the 
total  loss  by  fire  from  all  causes,  including  exposure  to  burning 
property.  The  total  loss  by  fire  was  $335  000  000,  making  the 
loss  by  fire  due  to  lightning  a  little  more  than  $8  000  000  for  the 
two  years. 
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TABLE  2  fi 
Analysis  of  Fires,  by  Causes 


Causes  of  fires 


Per  cent 

of  whole 

number  of 

fires 


Per  cent 

of  whole 

amount  of 

loss 


Per  cent 

of  whole 

number  of 

fires 


Per  cent 

of  whole 

amount  of 

loss 


Inherent  (peculiar  to  premises): 

Defective  flues,  smokestacks 

Stoves,  stovepipes 

Spontaneous  combustion,  lime  slaking 

Furnaces,  defective  heating  apparatus 

Ignition  of  grease,  oils,  paint,  varnish,  etc 

Oil-stove  accidents  and  explosions 

Engines  (stationary),  boilers,  steam  pipes. 

Friction  in  machinery 

Explosions  of  chemicals,  gasoline,  oil,  dust,  etc 

Overheated  and  defective  ovens  and  kilns 

Electric  wires  and  lights 

Miscellaneous 

Total 

Common  (not  peculiar  to  premises) : 

Sparks,  all  sources 

Lamp  accidents  and  explosions 

Careless  use  of  matches 

Candles,  gas  jets 

Accidents,  carelessness,  thawing  water  pipes. 

Ashes,  hot  coals,  open  fireplaces  and  grates 

Cigars,  cigarettes,  and  pipes 

Explosions  of  gas  and  natural  gas 

Plumbers'  furnaces 

Total 

Indirect  (exterior  origin): 

Exposure  to  burning  property 

Lightning : 

Forest  and  prairie  fires,  bonfires 

Firecrackers,  fireworks 

Total 

Crime  or  mischief: 

Incendiarism 

Tramps,  burglars,  drunken  men,  lunatics 

Mischievous  children 

Total 

Causes  unknown  and  not  reported 


13.08 
3.64 
1.59 
0.90 
0.49 
2.15 
0.21 
0.31 
1.18 
0.26 
0.94 
0.08 


24.83 


6.34 
3.82 
4.46 
1.33 
1.12 
1.25 
1.13 
0.51 
0.07 


20.03 


28.14 
2.74 
0.73 
0.52 


32.13 


5.94 
0.94 
0.29 


7.17 


6.40 
1.31 
3.70 
2.27 
0.34 
0.41 
0.76 
1.20 
1.64 
1.35 
2.86 
0.42 


22.66 


5.70 
1.53 
1.19 
0.26 
0.65 
0.34 
0.44 
0.49 
0.08 


10.68 


28.19 
2.71 
0.25 
0.15 


31.30 


6.06 
0.77 
0.97 


7.80 


27.56 


13.78 
3.77 
1.33 
0.72 
0.48 
2.42 
0.22 
0.42 
1.11 
0.23 
0.97 
0.05 


25.50 


6.63 
3.58 
3.72 
1.33 
0.76 
1.09 
1.06 
0.53 
0.06 


18.76 


26.49 
2.90 
1.03 
0.50 


30.92 


5.45 
0.83 
0.50 


6.78 


18.87 


6.00 
1.11 
3.86 
1.17 
0.49 
0.39 
0.48 
1.26 
1.47 
0.59 
3.33 
0.38 


20.53 


5.71 
1.39 
0.87 
0.32 
0.49 
0.22 
0.27 
0.97 
0.05 


10.29 


29.72 
2.10 
0.60 
0.11 


32.53 


5.96 
0.65 
0.12 


6.73 
31.52 


6  This  table  covers  111  738  fires  in  1901  and  103  715  fires  in  1902  and  is  taken  from  Chronicle  Fire  Tables 
for  1903. 
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The  reports  of  the  fire  marshals  in  several  of  the  States  from 
which  reports  were  obtained  give  the  fire  losses  tabulated  by 
causes.  In  Table  No.  3  is  given  a  list  of  these  States,. together 
with  the  percentage  of  the  total  fire  loss  in  each  which  was  caused 
by  lightning.  The  average  for  all  of  the  States  given  is  3.31  per 
cent.  Since  these  States  are  fairly  well  distributed  geographically, 
it  may  be  concluded  that  an  estimate  of  3.31  per  cent  of  the  total 
fire  loss  for  the  entire  country  each  year  as  being  due  to  lightning 
is  not  far  from  the  actual  truth.  During  19 10  the  total  fire  loss 
in  the  United  States  was  approximately  $250  000  000.  Of  this, 
3.31  per  cent,  or  about  $8  500  000,  may  be  attributed  to  fires 
caused  by  lightning.  In  order  to  obtain  the  total  amount  of  the 
loss  caused  by  lightning  it  would,  of  course,  be  necessary  to  add 
to  this  an  indeterminate  sum  resulting  from  the  loss  of  live  stock 
by  lightning  and  damage  by  lightning  stroke  to  buildings  where 
fire  does  not  occur.  The  relative  amount  of  the  fire  loss  by  light- 
ning varies  a  great  deal  from  year  to  year,  however,  the  variation 
in  this  usually  being  a  great  deal  more  than  the  variation  in  the 
percentage  of  the  total  number  of  fires  due  to  lightning.  There- 
fore $8  500  000  is  only  to  be  taken  as  an  approximate  indication 
of  the  magnitude  of  the  annual  loss  by  fire  due  to  lightning  for 
the  years  immediately  preceding  and  following  19 10. 

TABLE  3 
Percentage  of  Total  Fire  Losses  Caused  by  Lightning 


State 

Year 

Loss  by 
lightning 

Total  fire 
losses 

Percentage 

of  total 
fire  losses 
caused  by 
lightning 

1911 
1913 
1910 
1911 
1912 
1910 
1911 
1911 
1909 
1910 
1912 
1913 

$93  215.00 
169  700.77 
125  413.08 
171  034.08 

64  173.22 
191  915.00 
236  895.00 

28  440.00 
150  435.00 
115  000.00 
229  888.00 
396  015.00 

$1  422  010.00 

2  471  155.34 
9  058  114.60 

8  891  412.96 

9  403  847.30 
6  952  320.00 
5  718  120.00 

925  252.75 
4  074  435.00 

3  704  323.00 
1  882  552.00 

4  942  000.00 

6.55 

Do 

6.86 

Massachusetts 

1.38 

Do 

1.93 

Do 

0.68 

Ohio 

2.76 

Do 

4.14 

3  07 

3  69 

Do 

3.10 

12.20 

Do 

8.01 

Average  for  the  six  States,  3.31  per  cent. 
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The  foregoing  figures  on  losses  make  it  appear  that  lightning 
has  caused  an  increasing  proportion  of  the  fire  loss  in  recent  years. 
It  is  sometimes  inferred  from  this  that  there  is  a  corresponding 
increase  in  the  number  and  violence  of  electrical  storms.  On  the 
other  hand,  it  is  seen  that  the  percentage  of  the  total  number  of 
fires  caused  by  lightning  has  not  increased  perceptibly  during  the 
last  decade.  It  is,  therefore,  quite  probable  that  the  increase  in 
the  percentage  of  loss  by  lightning  is  more  largely  caused  by  the 
increase  in  the  amount  and  value  of  property  exposed  to  fire  by 
lightning,  and  by  the  relative  decrease  in  the  fire  hazard  from  other 
causes  in  urban  areas,  where  large  conflagrations  are  less  liable  to 
occur  than  formerly,  due  to  better  fire  protection,  than  by  an  in- 
crease in  the  frequency  and  violence  of  electrical  storms.  The 
present  annual  loss  by  lightning  is  undoubtedly  many  times  larger 
than  a  certain  unavoidable  minimum,  however,  and  the  efforts 
put  forth  to  prevent  it  should  be  in  proportion  to  the  economic 
importance  of  the  subject. 

2.  LIGHTNING  AS  A  CAUSE  OF  INJURY  AND  LOSS  OF  LIFE 

At  various  times  during  the  last  20  years  estimates  have  been 
made  of  the  annual  loss  of  life  by  lightning  in  the  United  States. 
These  estimates  have,  as  a  rule,  been  made  by  collecting  clippings 
of  newspaper  reports.  The  chief  disadvantage  of  this  method  of 
collecting  data  is  that  it  is  impossible  to  tell  when  the  field  has  been 
thoroughly  covered.  The  reports  of  many  lightning  accidents  get 
no  further  that  the  columns  of  local  papers,  and  as  it  is  manifestly 
impracticable  to  examine  all  of  these  thoroughly,  it  becomes 
quite  certain  that  a  considerable  proportion  of  the  deaths  by  light- 
ning are  not  included  in  the  final  summary. 

During  the  last  few  years,  however,  the  organization  of  vital 
statistics  bureaus  in  the  various  States  has  been  extended  suffici- 
ently to  give  quite  complete  reports  as  to  the  number  of  deaths  by 
lightning  in  more  than  half  of  the  States.  A  large  proportion  of 
the  States  having  bureaus  of  vital  statistics  are  included  in  the 
registration  area  of  the  Census  Bureau,  and  the  reports  from  these 
States  are  compiled  annually  by  the  Census  Bureau  into  a  report 
on  mortality  statistics  for  the  registration  area.  In  addition  to 
these  reports  there  are  the  reports  of  life  insurance  companies, 
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most  of  which  keep  their  death  records  tabulated  in  such  a  way 

that  the  records  of  the  deaths  by  lightning  are  readily  accessible, 

and  also  a  large  number  of  news  clippings  concerning  deaths  and 

injuries  by  lightning  which  were  collected  a  number  of  years  ago. 

From  the  data  contained  in  these  reports  the  total  number  of  deaths 

by  lightning  annually  in  the  United  States  can  be  estimated  with 

fair  accuracy.     In  the  present  investigation  all  of  these  sources  of 

information   were   used   in   making   up   the   tabular   statements 

following. 

TABLE  4 

Tabular  Statement  of  Deaths  by  Lightning — Data  from  Insurance  Companies 


Company 

Years 

(inclusive) 

Total 

number  of 

deaths 

Number  of 
deaths  by 
lightning 

Percentage 

of  total 

number 

of  deaths 

due  to 
lightning 

Not  given 

Accident 

poli 

insurance 
cies 

None 
9 

1.7 

Connecticut  Mutual  Life  Insurance  Co 

0.0 

1909  to  1912.... 

20  000 

0.045 

Fidelity  Mutual  Life  Insurance  Co 

1903  to  1912.... 
1903  to  1912.... 
Reported        1 

death   in   5 

years 

4363 
4206 

1 
4 

0. 0229 

0.095 

John  Hancock  Mutual  Life  Insurance  Co 

Massachusetts  Mutual  Life  Insurance  Co 

Mutual  Benefit  Life  Insurance  Co 

Mutual  Life  Insurance  Co 

1902  to  1911.... 

1903  to  1912.... 
1903  to  1912.... 
Data  not  sub- 
mitted 

1902  to  1912.... 
1905  to  1912.... 

56  657 
4934 
6493 

26 
2 
3 

0.046 

National  Life  Insurance  Co 

0.040 

New  England  Mutual  Life  Insurance  Co 

0.046 

Northwestern  Mutual  Life  Insurance  Co 

23  760 
2690 

16 
3 

0.067 

Pacific  Mutual  Life  Insurance  Co 

0.111 

Penn  Mutual  Life  Insurance  Co 

Phoenix  Mutual  Life  Insurance  Co 

1903  to  1912.... 

6318 

1 
None 
101 

0.016 

Provident  Life  and  Fire  Insurance  Co 

0.0 

Prudential  Life  Insurance  Co.6 

1903  to  1912.... 

Not  given 

0.  0108 

State  Mutual  Life  Insurance  Co 

Travelers  Life  Insurance  Co 

Union  Central  Life  Insurance  Co 

1903  to  1912.... 

8780 

10 

0.114 

Average,  excluding  Aetna  life  accident  policies,  0.0164  per  cent. 

6  The  deaths  in  the  ordinary  branch  of  this  company  due  to  lightning  were  li,  or  0.04  per  cent  of  the 
number  of  deaths  from  all  causes.  The  deaths  in  the  industrial  branch  were  91,  or  0.01  per  cent  of  the 
deaths  from  all  causes.  The  total  number  of  deaths  from  all  causes  was,  therefore,  935  000.  This  number 
was  used  in  computing  the  average,  or  0.0164  per  cent. 

40072°— 16 2 


1 8  Technologic  Papers  of  the  Bureau  of  Standards 

In  order  to  obtain  a  summary  of  the  experiences  of  a  number 
of  life  insurance  companies  with  regard  to  deaths  by  lightning,  22 
of  the  largest  companies  in  the  United  States  were  written  to  for 
information.  All  but  3  responded,  and  the  data  submitted  are 
summed  up  in  Table  No.  4. 

In  the  returns  of  the  Aetna  Life  Insurance  Co.  it  is  seen  that 
1.7  per  cent  of  the  deaths  among  risks  in  the  accident  depart- 
ment of  that  company  are  due  to  lightning.  Excluding  this 
rather  high  value  of  1.7  per  cent,  the  average  of  all  the  rest  is 
o.  0164  per  cent.  That  is,  out  of  each  1  000  000  accidental 
deaths  in  the  accident  department  of  the  Aetna  company,  1 7  000 
are  due  to  lightning,  and  out  of  each  1  000  000  deaths  from  all 
causes  in  the  various  departments  of  all  the  other  companies  164 
are  due  to  lightning.  The  latter  value  is  rather  low  in  compari- 
son with  one  given  hereafter,  which  is  based  on  data  obtained 
from  other  sources.  This  is  doubtless  due  to  the  fact  that  the 
greater  portion  of  insured  persons  are  city  dwellers,  and  in  cities 
the  proportion  of  deaths  from  lightning  is  very  small  in  compari- 
son with  that  of  deaths  from  lightning  in  rural  districts. 

In  Table  No.  5  is  given  a  summary  of  the  data  obtained  from 
the  Census  Bureau  reports  and  the  reports  of  the  bureaus  of 
vital  statistics.  The  two  sets  of  reports  are  made  to  supplement 
each  other  as  far  as  possible.  Officials  in  all  of  the  States  were 
written  to  in  the  course  of  the  correspondence,  and  replies  were 
received  from  all  but  four — Michigan,  Maine,  New  Hampshire, 
and  South  Carolina.  Florida,  Georgia,  and  West  Virginia  have 
no  registration  laws  at  present.  In  South  Carolina  all  cities  of 
1000  inhabitants  and  over,  according  to  the  census  of  1900,  are 
included  in  the  registration  area.  In  a  number  of  States  regis- 
tration laws  have  but  recently  been  passed,  so  very  little  data  is 
available  from  them. 
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State 


Indiana 

Nevada 

Oklahoma . . . 
Rhode  Island 

South  Dakota 


Year 


1913 
1913 
1913 
1906 
1907 
1908 
1906 
1907 


Deaths"^ 


36000 
558 


8612 
9010 
8267 
3644 
4129 


Deaths 

by 
lightning 


State 


South  Dakota. 
Vermont 


Year 

Deaths^ 

1908 

4345 

1902 

5509 

1903 

5949 

1904 

5943 

1905 

6339 

1906 

6241 

1907 

6131 

1908 

6034 

Deaths 

by 
lightning 


6&  Round  numbers  in  this  column  are  estimated  from  following  years  as  described  in  text. 

The  reports  from  the  Census  Bureau  did  not  in  every  case  agree 
with  the  reports  received  from  the  States.  This  may  be  due  to  a 
difference  in  the  way  the  year  is  designated,  some  reporting  from 
January  i  to  December  31,  inclusive,  and  others  from  July  1  to 
June  30,  inclusive. 

In  several  of  the  States  the  deaths  by  lightning  were  obtained 
for  a  number  of  years  and  the  total  number  of  deaths  was  obtained 
only  for  a  part  of  those  years.  In  such  cases  advantage  was  taken 
of  the  fact  that,  as  a  rule,  the  total  number  of  deaths  in  a  State 
does  not  vary  much  from  year  to  year.  The  total  number  of 
deaths  for  the  year,  or  years,  given  was  therefore  assumed  to  hold 
for  all  of  the  years  for  which  the  deaths  by  lightning  were  given, 
and  calculations  were  made  on  that  basis.  This  method  gives  an 
approximate  average  for  several  years  for  each  State,  and  is 
undoubtedly  nearer  the  true  mean  value  for  a  great  many  years 
than  a  result  based  on  data  for  one  or  two  years  during  which  the 
number  of  deaths  by  lightning  might  be  exceptional. 

Table  No.  6  gives  the  percentage  of  deaths  due  to  lightning  in 
each  State  from  which  data  were  obtained.  The  States  in  which 
the  greatest  proportions  of  deaths  by  lightning  occur  are :  Nevada, 
North  Dakota,  South  Dakota,  Colorado,  and  Montana,  in  the  order 
named.  Utah,  Minnesota,  Iowa,  Indiana,  and  Alabama  are  next. 
The  State  of  Washington  is  last  with  0.0077  Per  cent.  The  data 
from  Nevada  are  too  scant,  however,  to  be  conclusive  as  to  whether 
this  State  should  come  first  in  the  list.  The  reason  for  the  States 
just  named  coming  as  they  do  in  the  order  of  proportion  of  deaths 
by  lightning  is  quite  likely  found  in  the  fact  that  they  are  situated 
in  areas  of  comparatively  high  thunderstorm  frequency,  and  that  a 
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much  larger  proportion  of  their  inhabitants  is  engaged  in  outdoor 
pursuits  than  in  other  States  in  which  the  urban  population  pre- 
dominates to  a  greater  degree. 

TABLE  6 

Percentage  of  the  Total  Number  of  Deaths  Caused  by  Lightning  in  Each  State  from 
Which  Data  Were  Obtained 


State 


Alabama 

California 

Connecticut 

Colorado 

Indiana 

Illinois 

Iowa 

Kentucky 

Michigan 

Minnesota 

Missouri 

Massachusetts . . 

Montana 

Maine 

Maryland 

New  Hampshire 


Per  cent 


0446 
0030 
0086 
1580 
0557 
0344 
0601 
0553 
0439 
0706 
0496 
0099 
1655 
0103 
0267 
0102 


State 


New  York 

Nevada 

New  Jersey... 
North  Carolina 
North  Dakota . 

Ohio 

Pennsylvania.. 
Rhode  Island . 
South  Dakota . 

Utah 

Vermont 

Washington... 
Wisconsin 

Average. 


Per  cent 


0.0126 
0. 3500 
0. 0090 
0. 0296 
0. 3030 
0. 0328 
0. 0221 
0. 0049 
0.  2610 
0. 0753 
0. 0259 
0. 0077 
0. 0381 


0. 03058 


Table  No.  6  includes  data  from  States  situated  in  every  zone  of 
thunderstorm  frequency  in  the  United  States;  and  also  includes 
States  from  the  highest  to  the  lowest  of  population  density. 
Hence,  the  average,  0.03058  per  cent,  may  be  assumed  to  hold  for 
the  United  States  as  a  whole.  It  is  not  admissible,  however,  to 
judge  a  State  not  given  in  the  table  by  a  neighboring  State  because 
the  variation  from  State  to  State  is  too  great  in  most  cases.  The 
death  rate  per  thousand  population  for  the  entire  country  in  19 10 
was  15.  The  total  population  being  about  92  000  000,  there  were 
about  1  380  000  deaths  in  19 10.  Since  305.8  out  of  each  1  000  000 
deaths  are  shown  by  the  table  to  be  due  to  lightning  the  total 
number  of  deaths  by  lightning  in  19 10  would  be  422. 
i  Table  No.  7  gives  the  total  number  of  deaths  from  all  causes  in 
the  registration  area,  the  number  of  deaths  from  lightning,  the 
percentage  of  the  total  number  of  deaths  from  all  causes  due  to 
lightning,  and  the  States  in  the  registration  area,  from  1900  to 
1 9 10,  inclusive.  These  data  were  taken  from  the  reports  on 
mortality  statistics  of  the  Census  Bureau.     Tables  Nos.  6  and  7 
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do  not  check  because  deaths  in  many  States  which  are  not  registra- 
tion States  are  included  in  Table  No.  6. 

TABLE  7 

Table  Showing  the  Total  Number  of  Deaths,  the  Deaths  by  Lightning,  and  the  States 

in  the  Registration  Area 


Year. 


1900 
1901 
1902 
1903 
1904 
1905 
1906 


Deaths  in 
registra- 
tion area. 

Deaths 
by  light- 
ning in 
registra- 
tion area. 

539  939 

95 

518  207 

127 

508  640 

108 

524  415 

92 

551  354 

81 

545  533 

80 

658  105 

169 

Percent- 
age of 
deaths 
due  to 

lightning. 


0.017 
0.024 
0.021 
0.017 
0.015 
0.015 
0.026 


Year. 


1907 
1908 
1909 
1910 
1911 
1912 


Deaths  in 

registra- 
tion area. 

Deaths 
by  light- 
ning in 
registra- 
tion area. 

687  034 

133 

691  574 

161 

732  538 

150 

805  412 

156 

756  777 

235 

752  446 

243 

Percent- 
age ot 
death9 
due  to 

lightning. 


0.019 
0.023 
0.020 
0.019 
0.031 
0.032 


Annual  averages,  1901  to  1905,  98  by  lightning  and  529  630  from  all  causes. 
Annual  averages,  1906  to  1910,  154  by  lightning  and  714  933  from  all  causes. 
Annual  averages,  1911  and  1912,  239  by  lightning  and  754  610  from  all  causes. 

STATES  IN  REGISTRATION  AREA 


1900  to  1905 

1906  and  1907 

1908 

1909 

1910 

1911  and  1912 

Conn. 

Cal. 

Cal. 

Cal. 

Cal. 

Cal. 

Ind. 

Colo. 

Colo. 

Colo. 

Colo. 

Colo. 

Me. 

Conn. 

Conn. 

Conn. 

Conn. 

Conn. 

Mass. 

Ind. 

Ind. 

Ind. 

Ind. 

D.C. 

Mich. 

Me. 

Me. 

Me. 

Me. 

Ind. 

N.H. 

Md. 

Md. 

Md. 

Md. 

Ky. 

N.J. 

Mass. 

Mass. 

Mass. 

Mass. 

Me. 

N.Y. 

Mich. 

Mich. 

Mich. 

Mich. 

Md. 

R.I. 

N.H. 

N.H. 

N.H. 

Minn. 

Mass. 

Vt. 

N.J. 

N.J. 

N.J. 

Mont. 

Mich. 

N.Y. 

N.Y. 

N.Y. 

N.H. 

Minn. 

Pa. 

Pa. 

Ohio. 

N.J. 

Mo. 

R.I. 

R.I. 

Pa. 

N.Y. 

Mont. 

S.  Dak. 

S.  Dak. 

R.I. 

N.C. 

N.H. 

Vt. 

Vt. 

S.  Dak. 

Ohio. 

N.J. 

Wash. 

Vt. 

Pa. 

N.Y. 

Wis. 

Wash. 

R.I. 

N.C. 

Wis. 

Utah. 
Vt. 

Wash. 
Wis. 

Ohio. 

Pa. 

R.I. 

Utah. 

Vt. 

Wash. 

Wis. 
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Examination  of  the  Census  tables  shows  that  more  than  nine- 
tenths  of  the  fatalities  due  to  lightning  occur  in  rural  districts. 
Rural  districts,  for  Census  purposes,  include  all  towns  and  villages 
having  2500  inhabitants  or  less. 

The  foregoing  data  contain  nothing  from  which  the  number  of 
persons  injured  by  lightning  may  be  estimated.  About  the  only 
practicable  method  of  arriving  at  an  estimate  of  the  number  of 
persons  injured  each  year  by  lightning  is  to  collect  news  clippings 
over  a  period  of  years.  This  investigation  has  not  been  continued 
long  enough  to  gather  anything  of  this  nature,  so  data  collected 
in  the  past  was  resorted  to.  From  1883  to  1887,  inclusive,  H.  F. 
Kretzer,  of  St.  Louis,  collected  news  clippings  concerning  lightning 
accidents  in  the  United  States  and  published  the  results  in  a  book 
called  Lightning  Record.  These  results  show  that  during  the 
five  years  prior  to  1887  1030  persons  were  killed  by  lightning  and 
2592  injured.  The  author  expressly  states  that  the  record  is 
incomplete,  but  it  seems  that  in  such  a  large  number  of  cases  the 
proportion  of  deaths  to  injuries  would  be  such  as  to  hold  for  any 
number  of  cases,  in  accordance  with  the  law  of  probability. 
Assuming  this  to  be  the  case  the  ratio  of  deaths  to  injuries  is  as 
1  to  2.52.  Applying  this  ratio  to  the  number  of  deaths  calculated 
for  1 9 10  We  find  1063  cases  of  injury  as  the  probable  number. 

Although  the  foregoing  results  are  not  exact,  they  may  be  taken 
as  a  fairly  accurate  index  for  the  years  immediately  preceding  and 
following  1 9 10  and  show  that  during  the  course  of  a  year  1500  or 
more  persons  are  affected  by  lightning  stroke,  of  which  about  one- 
third  are  killed  and  the  rest  subjected  to  injuries  that  in  a  great 
many  cases  are  permanent.  The  number  of  persons  affected  by 
lightning  stroke  each  year  is  of  course  insignificant  in  comparison 
with  the  number  meeting  violent  deaths  and  injuries  from  other 
causes ;  however,  it  will  be  shown  later  that  a  large  proportion  of 
these  persons  receive  their  injuries  in  houses  that  are  struck  by 
lightning  and  that  by  taking  proper  precautions  the  number  could 
be  largely  reduced. 

III.  EFFICIENCY  OF  LIGHTNING  RODS 

In  the  past  man)^  laboratory  experiments  have  been  made  and 
conclusions  drawn  from  the  results  as  to  the  effectiveness  or 
noneffectiveness  of  lightning  rods  in  protecting  property  against 
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damage  by  lightning.  Much  valuable  information  has  been 
acquired  in  this  way,  and  light  has  been  thrown  upon  various  phases 
of  the  practice  of  protection  against  lightning  which  previously 
remained  in  obscurity.  In  general,  the  conclusions  arrived  at  in 
the  course  of  these  experiments  have  been  favorable  to  lightning 
rods,  but  because  of  the  difference  in  magnitude  between  lightning 
discharges  and  electrical  discharges  produced  in  the  laboratory, 
and  also  because  our  present  knowledge  of  the  actual  conditions 
under  which  lightning  discharges  take  place  is  largely  inferential, 
it  is  evident  that  these  conclusions  should  not  be  accepted  as  final 
without  a  careful  examination  of  such  evidence  as  past  experience 
of  the  practical  kind  has  made  available.  In  the  course  of  this 
investigation  a  survey  was  therefore  made  of  such  reports  as  have 
been  issued  from  time  to  time  on  fires  by  lightning,  and  the  pro- 
tection afforded  by  lightning  rods,  in  order  to  obtain  data  showing 
to  what  extent  lightning  rods  might  be  depended  upon  to  reduce 
the  fire  hazard  from  lightning.  An  attempt  was  also  made  to 
learn  as  much  as  possible  from  persons  who  were  directly  interested 
in  the  prevention  of  fires  of  their  experiences  and  opinions  con- 
cerning lightning  rods.  With  this  end  in  view  a  large  number  of 
fire  insurance  companies  and  fire  marshals  were  written  to  for 
information,  and  the  results  of  this  correspondence  are  summarized 
below : 

1.  RESULTS  OF  THE  USE  OF  LIGHTNING  RODS  IN  THE  UNITED  STATES 

Correspondence  with  fire  insurance  companies  did  not  reveal  a 
great  deal  of  interest  in  the  subject  of  protection  against  lightning, 
excepting  on  the  part  of  farmer's  mutual  fire  insurance  companies. 
This  indifferent  attitude  on  the  part  of  many  of  the  larger  fire 
insurance  companies  is  explained  by  the  fact  that  the  greater  por- 
tion of  their  business  is  confined  to  urban  areas  where  the  danger 
from  fires  by  lightning  is  very  small  in  comparison  with  the  danger 
from  fires  by  other  causes. 

The  business  of  the  farmer's  mutual  fire  insurance  companies, 
however,  is  almost  entirely  confined  to  rural  districts.  It  has 
been  shown  heretofore  that  lightning  is  one  of  the  principal  causes 
of  fires  in  rural  districts;  consequently,  these  mutual  fire  insur- 
ance companies  are  interested  in  anything  which  will  reduce  the 
fire  hazard  from  lightning.     Some  of  them  have  collected  data 
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which  tend  to  show  that  the  heavy  fire  loss  by  lightning  which 
they  sustain  each  year  would  be  very  much  reduced  by  the  instal- 
lation of  lightning  rods  on  all  barns  and  isolated  buildings.  Many 
of  these  data  have  been  published  from  time  to  time  by  manu- 
facturers and  jobbers  of  lightning  rods  as  advertising  matter,  in 
many  cases  their  importance  being  greatly  exaggerated,  but  inas- 
much as  they  are  of  real  significance  a  brief  summary  is  given  here. 

The  reports  of  the  farmer's  mutual  fire  insurance  companies  of 
Iowa  at  their  annual  State  conventions  from  1905  to  191 2  show 
that  the  total  fire  losses  by  lightning  for  the  eight  years,  on  unrod- 
ded  buildings  insured  in  the  companies  reporting,  amounted  to 
$341  065.52;  during  the  same  time  the  total  losses  by  lightning 
on  rodded  buildings  insured  in  these  companies  amounted  to 
$4464.30,  or  1. 3 1  per  cent  of  the  losses  by  lightning  on  unrodded 
buildings.7  In  the  cases  of  some  of  the  companies  60  per  cent  of 
the  buildings  insured  were  provided  with  rods ;  in  other  companies 
the  percentage  of  rodded  buildings  was  less.  The  circular  from 
which  the  data  were  taken  states  than  an  average  of  about  50 
per  cent  of  the  buildings  were  rodded.  It  is  also  stated  that  an 
average  of  55  companies  reported  each  year,  representing  nearly 
that  many  counties  in  Iowa.  The  foregoing  values  being  taken  as 
correct  the  efficiency  of  the  lightning  rods  in  this  case  may  there- 
fore be  estimated  at  nearly  99  per  cent.  As  the  reports  took 
account  of  lightning-rod  installations  of  every  kind,  both  new  and 
old,  good  and  bad,  these  figures  give  strong  support  to  the  use  of 
lightning  rods,  at  least  so  far  as  the  protection  of  barns  and  houses 
is  concerned,  since  these  constitute  the  greater  portion  of  the  risks 
insured  in  these  companies. 

During  the  last  few  years  a  great  many  mutual  fire  insurance 
companies  have  come  into  existence  which  make  a  business  of 
insuring  only  rodded  buildings;  other  mutual  companies,  which 
have  been  in  existence  for  many  years,  have  commenced  the  prac- 
tice of  reducing  rates  on  rodded  buildings.  In  both  of  these  cases 
special  reference  is  had  to  barns  which,  if  unprotected,  are  well 
known  to  be  particularly  susceptible  to  fire  by  lightning.  The 
assessments  of  these  companies  on  policies  covering  rodded  barns 

7  From  a  circular  of  the  Protected  Mutual  Fire  Insurance  Association,  Des  Moines,  Iowa.    This  company 
nsures  only  rodded  buildings. 
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are,  in  some  cases,  but  two-thirds  of  the  assessments  of  companies 
insuring  rodded  and  unrodded  buildings  indiscriminately ;  in  other 
cases  the  assessments  are  only  half  of  those  in  the  companies 
making  no  distinction  between  rodded  and  unrodded  risks. 

As  an  example  of  the  results  obtained  by  these  companies  we 
may  take  the  experience  of  the  Patrons  Mutual  Fire  Insurance 
Association  of  Northwestern  Pennsylvania,  which  has  $10  000  000 
or  more  at  risk.  A  number  of  years  ago  the  officials  of  this  asso- 
ciation became  alarmed  by  the  great  proportion  of  the  losses  sus- 
tained by  the  association  which  were  due  to  lightning  and  sought 
some  means  of  reducing  them.  After  much  observation  and 
inquiry  they  became  convinced  that  the  general  use  of  lightning 
rods  on  all  barns  insured  in  the  company  would  accomplish  the 
desired  result.  Accordingly  they  began,  five  years  ago,  to  give 
a  reduction  of  29  per  cent  in  the  assessments  on  policies  covering 
rodded  barns.  At  first,  in  order  to  overcome  prejudice  against 
lightning  rods  and  encourage  their  use,  the  association  purchased 
11  000  feet  of  copper-cable  lightning  rod  and  installed  it  on  the 
barns  of  a  number  of  its  patrons  at  its  own  expense.  Arrange- 
ments were  made  at  the  same  time  to  enable  other  patrons  to  buy 
and  put  up  cable  thereafter  at  cost.  This  opportunity  has  been 
taken  advantage  of  by  several  hundred  patrons  of  the  association 
and  at  the  present  time  about  one-eighth  of  the  barns  insured  in 
this  association  are  rodded.  The  rods  put  up  are  inspected  by  a 
representative  of  the  association  before  the  risk  is  accepted.  The 
secretary  of  the  association  states  that  in  five  years  no  damage  by 
lightning  has  been  paid  for  by  the  association  on  these  rodded 
buildings.  The  total  loss  sustained  by  the  association  annually 
is  about  $30  000,  of  which,  judging  from  its  reports  for  past  years, 
from  30  to  50  per  cent  is  caused  by  lightning  setting  fire  to  unrodded 
buildings. 

A  large  number  of  examples  such  as  those  preceding  might  be 
set  forth  at  length.  None  have  come  to  light,  however,  which 
would  change  the  conclusions  to  be  drawn  from  those  given,  viz, 
that  the  damage  to  rodded  barns  by  lightning  is  negligible  in  com- 
parison with  the  damage  to  unrodded  barns,  assuming  that  in  the 
comparison  equal  numbers  of  each  are  taken. 


28  Technologic  Papers  of  the  Bureau  of  Standards 

Correspondence  with  fire  marshals  and  others  bears  out  the 
conclusion  given  in  the  preceding  paragraph.  Isolated  instances 
of  failure  are  reported,  of  course,  but  those  fire  marshals  who  have 
given  attention  to  the  subject  state  that  in  their  opinion  lightning 
rods  are  of  great  value  in  preventing  fires  by  lightning,  especially 
in  barns  and  other  buildings  where  inflammable  substances  are 
stored.  When  an  opinion  was  expressed  by  fire  insurance  com- 
panies other  than  the  farmer's  mutual  fire  insurance  companies 
just  mentioned,  it  was  to  the  effect  that  if  a  building  were  properly 
rodded  it  would  be  practically  safe  from  damage  by  lightning. 

The  cumulative  evidence  thus  secured  is  seen  to  be  almost 
entirely  favorable  to  the  lightning  rod  as  a  protective  device,  and 
gains  added  significance  from  the  fact  that  no  contrary  evidence 
or  opinions  are  brought  forward.  It  is  true,  however,  that  in  the 
greater  part  of  the  foregoing  discussion  barns  have  been  almost 
the  only  form  of  property  considered.  These  structures  always 
contain  more  or  less  inflammable  material,  but  almost  no  metal  is 
used  in  their  construction.  It  is  therefore  a  comparatively  easy 
matter  to  arrange  a  lightning-rod  system  in  such  a  way  as  to 
effectively  dispose  of  a  stroke  of  lightning.  On  the  other  hand, 
in  the  cases  of  houses  and  other  structures  where  the  presence  of 
chimneys  and  masses  of  metal  cause  complications,  it  would 
undoubtedly  be  found,  if  a  large  number  of  examples  were  inves- 
tigated, that  the  foregoing  value  of  about  99  per  cent  for  the  effi- 
ciency would  be  reduced.  Statistics  are  referred  to  in  the  next 
section  which  tend  to  show  that  in  the  case  of  houses  the  efficiency 
may  be  between  80  and  90  per  cent,  taking  lightning  rods  as  they 
are  found  in  the  general  run  of  installations. 

2.  RESULTS  OF  THE  USE  OF  LIGHTNING  RODS  IN  EUROPE 

European  Governments  and  scientific  societies  have  given  more 
attention  to  the  subject  of  protection  against  lightning  than  has 
heretofore  been  given  under  such  auspices  in  the  United  States. 
There  has  been  a  tendency  among  them  toward  uniformity  in 
practice  and  a  disposition  to  inquire  into  the  causes  of  damage 
where  protected  buildings  have  been  struck  and  damage  reported. 
They  have  also  formulated  rules  to  be  followed  in  the  installation 
of  lightning  rods,  and  in  many  cases  these  rules  have  been  made 
official  as  applying  to  public  buildings. 
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The  first  conference  of  scientific  societies  on  the  subject  of  light- 
ning rods  was  brought  about  by  the  Royal  Meteorological  Society 
of  England  in  1878.  The  report  of  this  conference,  known  as  the 
Lightning  Rod  Conference,  was  brought  forward  in  1881.  Noth- 
ing further  was  done  until  1901  when  interest  in  the  subject  was 
again  revived,  first  in  Germany  by  the  Electrotechnischen  Verein 
of  Berlin,  and  a  little  later  in  England  where  the  Lightning 
Research  Committee  was  organized  jointly  by  the  Royal  Institu- 
tion of  British  Architects  and  the  Surveyor's  Institution.  _ 

The  principal  results  of  the  work  of  the  Lightning  Research 
Committee  of  England  have  been  the  formulation  of  a  set  of  rules 
regarding  the  installation  of  lightning  conductors  and  the  pointing 
out  of  the  causes  of  failure  of  lightning  conductors  to  perform 
properly  where  protected  buildings  have  been  struck  and  damaged. 
A  great  deal  of  valuable  information  showing  what  these  causes 
may  be  has  been  collected  and  will  be  referred  to  later.  Not  much 
has  been  done,  however,  to  determine  what  the  reduction  in  the 
hazard  of  fire  by  lightning  might  be  by  comparing  the  effects  of 
lightning  on  large  numbers  of  protected  and  unprotected  buildings. 

In  Germany  much  experimental  work  has  been  done  on  protec- 
tion against  lightning.  The  conclusions  reached  have,  in  general, 
been  favorable  to  lightning  rods,  although  different  opinions  have 
occasionally  been  expressed  as  to  the  exact  method  which  should  be 
followed  in  obtaining  the  desired  results.  The  results  of  the  ex- 
perimental work  and  observations  have  been  summarized  in  the 
rules  formulated  by  the  Electrotechnischen  Verein  of  Berlin  in 
1901,  which  have  since  been  revised  from  time  to  time.  Statistics 
have  also  been  collected  for  a  number  of  years,  some  of  which,  from 
Wuerttemberg,  show  that  there  is  some  doubt  as  to  the  efficacy  of 
lightning  rods  in  protecting  buildings  against  lightning.  This, 
however,  is  in  accordance  with  an  interpretation  placed  upon  these 
statistics  by  Baurat  Findeisen,  of  Stuttgart,  and  is  an  expression 
of  a  feeling  which  does  not  seem  to  be  generally  shared  by  German 
scientists  and  engineers. 

Almost  all  of  the  other  European  countries  have  given  more  or 
less  scientific  attention  to  protection  against  lightning.  A  report 
by  Dr.  D.  van  Gulik,  of  Holland,  made  at  the  request  of  the  Dutch 
Academy  of  Science,  shows  that  the  danger  of  fire  by  lightning  in 
protected  houses  roofed  with  tile  or  slate  is  one-sixth  or  one-seventh 
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of  the  danger  of  fire  by  lightning  in  unprotected  houses.  These 
statistics  also  show  that  lightning  frequently  diverges  from  con- 
ductors and  causes  damage,  although  to  a  far  less  extent  than  in 
unprotected  houses.  , 

A  considerable  amount  of  official  attention  is  given  in  all  Euro- 
pean countries  to  the  protection  of  public  buildings  against  light- 
ning. This  is  the  case  in  Germany  and  France  to  a  greater  extent, 
perhaps,  than  in  other  countries.  Judging  from  such  reports  as 
are  available,  the  tendency  in  Germany  is  to  protect  all  public 
buildings  regardless  of  their  importance.  School  authorities  insist 
upon  having  lightning  rods  on  all  schoolhouses,  and  in  many 
cities  annual  appropriations  are  made  for  the  specific  purpose  of 
keeping  the  lightning  rods  on  public  buildings  in  repair.  This  is 
also  the  case  in  France,  whereas  in  the  United  States  the  tendency 
has  been  to  give  attention  only  to  very  important  structures,  such 
as  the  White  House  and  Capitol,  and  those  in  extremely  exposed 
situations,  such  as  the  Washington  Monument,  lighthouses,  and 
smokestacks  on  Government  works. 

In  Europe  the  lightning  rod  was  not  brought  into  discredit  dur- 
ing the  early  part  of  its  history  to  the  extent  that  it  was  in  the 
United  States,  and,  as  a  consequence,  the  European  public  seems 
to  regard  it  in  a  more  serious  light  than  does  the  public  in  this 
country.  During  the  century  or  more  that  it  has  been  in  use  in 
Europe  its  performance  has  been  subjected  to  analysis  a  great 
many  times,  and  it  seems  that  if  it  were  a  failure,  or  even  an  un- 
economical way  of  insuring  against  damage  by  lightning,  it  would 
have  been  discarded  many  years  ago.  On  the  contrary,  European 
scientists,  engineers,  and  public  officials  are  still  deeply  interested 
in  its  use,  and  are  experimenting  in  various  ways  to  improve  the 
methods  of  installation  in  the  light  of  modern  theories  of  lightning. 

IV.   SOME  POINTS   OF  DISAGREEMENT  AMONG  VARIOUS 

AUTHORITIES 

Since  the  introduction  of  the  lightning  rod  innumerable  con- 
troversies and  disputes  have  arisen  regarding  certain  features  of 
the  practice  of  protection  against  lightning.  The  one  of  greatest 
historical  interest,  and  which  is  often  referred  to,  concerns  Fara- 
day and  Sir  William  Snow  Harris.     Faraday  advocated  copper 
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conductors  of  thickness  limited  only  by  the  expense,  whereas 
Harris  advocated  tubular  conductors.  Faraday  maintained  that 
high  conductance  was  the  chief  consideration.  Harris  gave  no 
particular  reason  for  advocating  tubular  conductors.  On  a  cer- 
tain occasion  each  is  reported  to  have  said  that  the  other  knew 
nothing  at  all  about  the  subject. 

The  chief  points  of  disagreement  which  exist  at  present  among 
persons  who  have  given  much  attention  to  the  subject  of  protec- 
tion against  lightning  were  touched  upon  briefly  in  the  introduc- 
tion, but  it  seems  worth  while  to  discuss  some  of  them  here  at 
greater  length,  in  order  that  certain  points  may  be  brought  out 
in  a  manner  which  will  allow  them  to  be  referred  to  readily  in  what 
follows. 

1.  NOTES     ON    CAUSES    AND    SUPPOSED    CAUSES    OF    DAMAGE     TO 
PROTECTED  BUILDINGS 

A  study  of  some  of  the  works  of  various  authors  on  lightning 
rods,  which  are  now  in  use,  will  convey  the  impression  that  unless 
a  lightning-rod  installation  is  maintained  at  an  almost  impossible 
degree  of  perfection  its  presence  on  a  building  is  a  menace  to  the 
safety  of  the  property.  Much  stress  is  laid  by  these  authors  on 
the  necessity  for  perfect  electrical  continuity  and  low  resistance 
in  the  conductor.  If  a  joint  works  loose  or  any  other  slight  defect 
appears,  it  must  be  repaired  at  once  or  the  rod  torn  down  and 
put  where  it  can  do  no  harm.  This  idea — that  a  lightning  rod 
changes  from  a  complete  protection  to  a  menace  with  the  appear- 
ance of  a  slight  mechanical  or  electrical  defect  in  it — has  caused 
many  people  to  do  without  lightning  rods  entirely  rather  than 
be  bothered  by  one  over  which  constant  vigilance  would  have  to  be 
exercised  to  insure  that  it  would  be  a  source  of  protection  instead 
of  danger. 

During  the  last  few  years,  however,  a  different  attitude  has  been 
taken  by  several  men  who  have  given  a  great  deal  of  attention  to 
protection  against  lightning;  notably  among  them  being  Alfred 
Hands,  of  England,  who  has  stated  quite  recently  that  even  a 
defective  lightning  rod  is  better  than  no  rod  at  all.8  It  is  stated 
by  Hands,  and  his  statements  seem  to  be  borne  out  by  the  testi- 

8  Lightning  Conductors,  Electrical  Review,  London  (v.  61;  p.  337). 
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mony  of  others  based  on  statistics,  that  even  with  lightning  rods 
installed  in  the  admittedly  imperfect  manner  which  was  prevalent 
in  the  comparatively  recent  past,  the  number  of  rodded  buildings 
struck  and  damaged  by  lightning  is  only  2  per  cent  of  what  it 
would  be  if  they  were  not  rodded. 

Moreover,  as  the  result  of  experiments  on  a  laboratory  scale 
with  high-tension  transformers,  M.  R.  Chavannes,  of  France,  has 
reached  the  following  conclusions  with  regard  to  certain  features 
of  the  practice  of  protection  against  lightning:  9  (1)  "The  surface 
of  a  lightning  conductor  is  as  important  as  its  cross  section.  (2) 
The  ohmic  resistance  of  the  conductor  is  of  little  importance. 
(3)  Breaks  in  the  continuity  of  the  conductor  are  of  small  con- 
sequence. (4)  The  self-induction  of  the  conductor  should  be  kept 
as  small  as  possible."  These  conclusions  were  drawn  from  the 
results  of  experiments  in  which  sudden  oscillatory  discharges  were 
impressed  on  the  conductors.  By  "breaks  in  the  continuity  of 
the  conductor"  is  evidently  meant  high-resistance  joints  and  loose 
connections. 

It  is  evidently  not  the  intention  of  Hands  and  Chavannes  to  go 
to  an  extreme  opposite  of  the  position  taken  by  the  men  referred 
to  in  the  first  paragraph  of  this  section  and  advocate  careless 
mechanical  construction  in  the  installation  of  lightning  rods.  On 
the  contrary,  the  necessity  for  good  mechanical  work  has  never 
been  questioned,  and  it  is  generally  agreed  that  it  is  essential  to 
anything  like  security.  The  results  of  the  experiments  and 
observations  of  Hands,  Chavannes,  and  others,  do  indicate,  how- 
ever, that  the  faults  in  a  lightning-rod  system  which  are  pointed 
out  by  many  authors  as  being  the  cause  of  certain  cases  of  dam- 
age are  not  serious  faults.  Furthermore,  the  work  of  the  Light- 
ning Research  Committee  of  England,  which  was  previously 
referred  to,  has  done  a  great  deal  to  show  that  the  causes  of  dam- 
age in  cases  where  protected  buildings  are  struck  are  deeper  seated 
than  the  superficial  defects  to  which  such  damage  is  often  ascribed. 
Reference  to  Modern  Lightning  Conductors,  by  K.  Hedges,  of 
England,  which  contains  a  large  part  of  the  report  of  the  commit- 
tee, shows  that  in  almost  every  instance  where  damage  occurred 

9  L'Electricien,  Paris,  Apr.  15,  1905. 
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to  a  protected  building  there  was  a  mass  of  metal  in  close  prox- 
imity to  the  lightning  rod  which  was  neither  connected  to  the  rod 
nor  earthed.  These  masses  of  metal  consisted  of  sheet-metal 
roofs,  valleys,  ornaments,  gas  and  water  pipes,  electric-light  cir- 
cuits, telephone  circuits,  and  other  more  or  less  insulated  metal- 
lic bodies.  When  the  lightning  discharge  occurred,  these  iso- 
lated masses  of  metal  became  a  part  of  the  path  of  the  lightning 
stroke,  probably  because  of  high-frequency  electrical  oscillations 
or  steep-wave  fronts  first  being  set  up  in  them  by  the  discharge. 
The  result  was  generally  more  or  less  severe  damage  to  the  non- 
metallic  portions  of  the  path,  and  in  some  cases  fire,  where  inflam- 
mable material  came  in  contact  with  the  sparks.  This  damage 
could  easily  have  been  prevented  by  including  the  mass  of  metal 
in  the  lightning-rod  system  in  the  proper  manner. 

At  the  present  time  in  the  United  States  it  is  the  prevailing 
practice  among  some  persons  who  erect  lightning  rods  to  avoid 
entirely  the  interconnection  of  lightning  rods  and  masses  of  metal 
present  in  or  on  the  building  they  are  intending  to  protect. 
Others  interconnect,  but  to  a  limited  extent  only.  That  this 
practice  of  not  making  such  interconnections  may  in  some  cases 
lead  to  damage  which  might  otherwise  be  avoided  is  obvious  on 
examination  of  the  portion  of  the  report  of  the  Lightning  Re- 
search Committee  just  mentioned.  It  gives  36  examples  of  dam- 
age to  rodded  buildings,  nearly  all  caused  by  neglecting  to  con- 
nect one  end  of  a  metal  roof  or  interior  metal  work  to  the  rods 
and  earth  it  properly  at  the  other  end. 

From  the  foregoing  discussion  it  is  evident  that  in  the  past  the 
careful  efforts  of  some  persons  to  obtain  complete  protection  have 
resulted  only  in  partial  protection.  In  fact,  it  may  be  said  that 
a  large  percentage  of  the  total  number  of  lightning-rod  systems 
installed  at  the  present  time  do  not  afford  complete  protection. 
This  is  of  course  due  in  part  to  ignorance  on  the  part  of  those  who 
install  lightning  rods  concerning  the  conditions  which  must  be  real- 
ized in  a  system  which  will  give  the  maximum  degree  of  protection, 
but  a  considerable  part  is  due  to  willful  inattention  to  the  rules 
concerning  the  installation  of  lightning  rods  because  of  the  extra 
labor  involved  in  following  them. 
40072°— 16 3 
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2.  IRON  CONDUCTORS  VERSUS  COPPER  CONDUCTORS 

At  various  times  for  many  years  the  question  of  the  proper 
material  for  lightning  conductors  has  been  discussed  from  almost 
every  possible  point  of  view.  At  the  present  time  the  materials 
commercially  available  for  lightning  rods  are  copper,  aluminum, 
and  iron,  or  combinations  of  these,  such  as  copper-clad  steel. 
The  materials  most  in  favor,  however,  are  copper  and  iron,  alumi- 
num or  copper-clad  steel  being  but  little  used. 

It  has  been  noted  in  the  introduction  that  the  first  lightning 
rods  erected  were  of  iron,  and  when  properly  put  up  they  seemed 
to  give  good  results.  Later,  when  copper  became  more  easily 
obtainable,  it  supplanted  iron  to  a  large  extent  and  has  since 
remained  more  or  less  generally  in  favor.  The  advantages 
obtained  in  the  use  of  copper,  as  set  forth  by  the  proponents  of 
copper  as  against  iron,  beginning  with  Faraday,  are  low  resistivity 
and  great  resistance  to  atmospheric  corrosion.  The  advantage 
upon  which  the  greatest  emphasis  is  laid,  however,  is  that  of  low 
resistivity.  In  1892  Sir  Oliver  Lodge  issued  his  book  on  Light- 
ning Conductors  and  Lightning  Guards,  in  which  he  opposed  the 
use  of  copper  and  advocated  iron  for  lightning  conductors  on 
account  of  its  high  resistivity.  At  the  time  Lodge's  book  was  writ- 
ten scientists  were  just  becoming  familiar  with  the  phenomena  of 
electrical  oscillations.  Lightning  was  then  (and  still  is  by  many 
persons)  believed  to  be  an  electrical  discharge  of  an  oscillatory 
character,  so  Lodge  reasoned  that  if  lightning  rods  were  made  of 
material  of  high  resistivity  any  oscillations  which  might  be  set 
up  in  them  by  a  lightning  flash  would  be  damped  out  and  the 
energy  of  the  flash  disposed  of  with  less  danger  of  side  flashes  and 
other  phenomena  of  self-induction  than  in  a  system  of  lightning 
rods  made  of  material  of  low  resistivity.  Nevertheless,  with  iron 
opposed  on  the  one  hand  because  of  its  high  resistivity,  and  copper 
opposed  on  the  other  because  of  its  low  resistivity,  neither  has  suc- 
ceeded in  forcing  the  other  from  the  field.  At  present  iron  is 
probably  sold  to  as  great  an  extent  as  copper  for  lightning  rods. 
The  chief  advantages  claimed  for  iron  at  the  present  time  by  man- 
ufacturers of  iron  lightning  rods  are  its  strength  and  high-fusing 
point.     The  matter  of  atmospheric  corrosion  has  been  overcome 
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by  galvanizing  so  thoroughly  that  iron  rods  will  last  practically 
indefinitely,  above  ground  at  least,  and  connections  are  made  by 
screw- joints  of  bronze  which  will  last  as  long  as  the  rods  do.  A 
sample  of  an  iron  rod  is  now  in  the  possession  of  the  Bureau  of 
Standards  which  was  in  place  on  a  house  in  St.  Louis  more  than 
40  years.  A  cross  section  made  through  a  joint  shows  that  no 
corrosion  had  taken  place. 

In  discussing  the  relative  merits  of  iron  and  copper,  and  the 
desirability  of  having  a  lightning  conductor  of  material  of  greater 
or  less  resistivity,  not  much  has  been  said  by  the  opposing  parties 
as  to  the  resistance  of  earth  connections,  or  the  effect  of  their  resist- 
ance on  the  total  resistance  of  the  system.  At  the  Bureau  of  Stand- 
ards an  investigation  was  made  of  the  resistance  of  a  number  of 
earth  connections  and  the  lowest  resistance  obtainable  with  a 
single  connection  without  going  to  prohibitive  expense  was  15 
ohms.  This  was  obtained  with  a  plate  of  sheet  iron  of  180  square 
feet  in  area  which  was  laid  in  coke  mixed  with  salt  and  earth  and 
flooded  with  water.  The  types  of  earth  connections  generally  used 
with  lightning-rod  installations  would  have  a  much  higher  resist- 
ance than  this,  doubtless  reaching  in  some  cases  several  hundred 
ohms.  It  is  obvious,  therefore,  that  the  resistance  of  the  metallic 
portion  of  a  lightning-rod  system  is  rather  small  in  comparison 
with  the  total  resistance  to  be  considered,  that  is,  the  sum  of  the 
resistances  of  the  earth  connection,  the  rod,  and  the  path  of  the 
lightning  discharge  above  the  rod.  Consequently,  in  choosing 
between  iron  and  copper  the  resistivity  of  the  metals  is  not  of 
paramount  importance,  even  when  the  resistance  to  rapidly  vary- 
ing current  flow  is  considered,  as  will  be  shown  later. 

3.  SYSTEMS    OF    PROTECTION    AGAINST    LIGHTNING    WITH    POINTS 
VERSUS  SYSTEMS  WITHOUT  POINTS 

The  prevailing  practice  in  the  greater  number  of  European 
countries  and  in  the  United  States  in  protection  against  lightning 
is  to  provide  a  lightning-rod  system  with  aerial  terminals  having 
points  to  receive  the  discharge.  In  Hungary  this  system  has  been 
abandoned  to  a  large  extent  and  a  system  called  the  "contour 
system"  has  been  adopted  successfully  in  its  place.  It  consists 
of  iron  wire,  or  sheet  iron  bands,  laid  along  the  contours  of  the 
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roofs  and  connected  to  make  as  complete  a  network  as  possible. 
Aside  from  the  lack  of  aerial  terminals  with  points  in  the  contour 
system  the  chief  difference  between  the  point  system  and  the  con- 
tour system  is  the  increased  number  and  decreased  size  of  the 
conductors  in  the  latter.  The  conductors  used  are  of  iron  in  most 
cases. 

In  the  reports  available  the  advantages  of  this  system  over 
systems  provided  with  points  are  not  clearly  set  forth,  but  it  is 
evident  that  in  part  the  change  was  made  to  do  away  with  the 
insecure  mechanical  construction  often  met  with  in  the  erection 
and  bracing  of  aerial  terminals.  It  may  also  be  well  to  note  that 
at  the  time  the  change  was  made  increasing  attention  was  being 
given  to  the  interconnection  of  metallic  masses  on  and  within  the 
buildings,  which  was  neglected  prior  to  the  change,  and  the 
neglect  of  which  was  doubtless  the  cause  of  the  numerous  failures 
of  rods  with  points  which  were  noted  by  Hungarian  investigators. 
An  advantage  was  thus  apparently  secured  with  the  contour 
system  which  might  as  well  have  been  obtained  with  the  point 
system.  Nevertheless,  the  contour  system  has  proved  successful 
and  has  been  recommended  in  Holland. 

4.  USE  OF  INSULATORS  BETWEEN  RODS  AND  BUILDINGS 

The  question  is  often  asked  as  to  the  advisability  of  using 
insulators  of  glass  or  porcelain  in  the  clamps  fastening  lightning 
rods  to  buildings.  In  answer  to  this  it  may  be  said  that  a  careful 
survey  of  the  literature  of  the  subject  of  protection  against  light- 
ning does  not,  in  works  of  recent  date,  disclose  any  author  as  advo- 
cating the  use  of  insulators  for  lightning  rods.  Moreover,  most 
manufacturers  of  lightning  rods  are  opposed  to  their  use,  and  have 
long  since  ceased  to  use  them  except  in  localities  where  local 
prejudice  in  their  favor  still  demands  that  their  use  be  continued. 
This  prejudice  doubtless  arises  from  the  idea  that  a  lightning 
conductor,  being  a  conductor  of  electricity,  should  be  insulated. 
A  confusion  of  ideas  is  here  evident  as  to  the  functional  difference 
between  a  conductor  intended  for  the  transmission  of  electrical 
energy  and  a  lightning  conductor.  In  the  case  of  a  conductor 
intended  for  the  transmission  of  electrical  energy  the  purpose  of 
insulation  is  to  keep  at  a  minimum  the  proportion  of  the  energy 
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expended  uselessly.  The  purpose  of  a  lightning  rod  is  to  collect 
and  dissipate  electrical  energy  with  as  little  disturbance  as  possible. 
To  do  this  it  is  necessary  for  the  lightning  rod  to  "drain"  all 
surrounding  conductors  of  their  store  of  electrical  energy;  hence, 
all  of  the  extensive  metal  parts  of  a  building  must  be  connected  to 
its  rods  and  to  earth.  As  it  is  manifestly  impracticable  to  insulate 
these  metal  parts  from  the  building,  about  the  sole  result  of  glass 
or  porcelain  in  the  clamps  is  to  make  the  mechanical  construction 
of  the  rods  more  insecure. 

Furthermore,  if  the  proper  conditions  exist  for  a  lightning 
discharge,  and  the  building  is  damp  from  rain  or  other  causes,  the 
electrical  charge  may  spread  over  the  entire  surface  of  the  building. 
When  the  discharge  occurs,  the  charge  on  the  surface  of  the  building 
will  tend  to  pass  into  the  rod ;  and ,  if  the  rod  is  insulated ,  sparks  over 
the  insulators  may  result,  whereas  if  the  insulators  were  absent, 
leakage  might  be  possible  to  a  sufficient  extent  to  prevent  sparks. 
The  latter  would  apply,  of  course,  only  to  a  building  having  little 
or  no  metal  used  in  its  construction;  in  the  case  of  a  building 
containing  considerable  metal,  drainage  to  the  metal  and  through 
the  connections  to  the  rod  would  probably  obviate  any  danger 
from  sparks  over  the  insulators  if  they  were  present.  It  may  also 
be  said  that  the  potentials  of  lightning  strokes  are  so  enormous 
that  the  small  insulators  used  for  lightning  rods  would  be  entirely 
unable  to  withstand  them. 

V.  CHARACTERISTICS  OF  LIGHTNING  FLASHES  10 

Since  Franklin's  discovery  of  the  identity  between  electricity 
and  lightning,  many  attempts  have  been  made  to  estimate  or 
determine,  the  current  intensity,  frequency,  and  potential  of  a 
lightning  flash.  The  actual  data  which  have  been  obtained  up 
to  the  present  time  are,  however,  very  scant  and  far  from  suf- 
ficient to  give  a  good  basis  for  calculation  in  designing  lightning 
rods.  The  chief  reason  for  this  lack  of  progress  in  obtaining  data 
on  the  electrical  characteristics  of  lightning  has  been  lack  of 
means  to  carry  out  the  experiments  on  the  proper  scale.  The 
necessary  experiments  for  obtaining  more  comprehensive  data  are 

10  Much  of  the  material  used  in  the  preparation  of  this  portion  of  the  paper  was  abstracted  from  the 
German  by  Dr.  G.  R.  Olshausen,  of  the  Bureau  of  Standards. 
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quite  generally  regarded  as  feasible,  although  there  are  many 
difficulties  involved  in  making  the  measurements,  and  it  has  been 
remarked  by  Tait u  that  the  first  Government  or  institution 
that  furnishes  the  money  will  undoubtedly  be  the  one  to  have  the 
honor  of  making  the  discoveries.  Nevertheless,  some  valuable 
information  has  been  acquired  by  individual  investigators,  and  in 
the  course  of  this  investigation  an  endeavor  has  been  made  to 
collect  as  much  of  it  as  appears  useful  in  connection  with  protection 
against  lightning.  A  summary  of  this  work  is  given  in  what  im- 
mediately follows,  and  such  conclusions  are  drawn  from  the  results 
as  seem  to  be  justified. 

1.  CURRENT  INTENSITIES  OF  LIGHTNING  FLASHES 

What  appears  to  be  the  only  work  on  the  current  intensities  of 
lightning  flashes  has  been  done  by  F.  Pockels,12  who  made  use  in 
his  measurements  of  some  of  the  peculiar  magnetic  properties  of 
basalt,  and  at  the  same  time  assumed  that  lightning  discharges 
are  unidirectional.  In  the  course  of  some  laboratory  experiments 
on  the  magnetic  properties  of  basalt  Pockels  found  that  for  uni- 
directional magnetic  fields  the  remanent  magnetism  of  prisms  of 
nepheline  basalt  depended  neither  on  the  duration  nor  the  time 
variation  of  the  field,  but  only  on  its  maximum  value.  Basalt 
consists  of  crystals  of  magnetite  distributed  through  a  badly 
conducting  mineral  medium,  and  it  is  upon  this  formation  that  its 
peculiar  magnetic  property  depends,  there  being  no  eddy  currents 
set  up  in  it  by  a  varying  magnetic  field  which  would  retard  the 
magnetization  of  the  specimen.  A  magnetic  field  lasting  only 
about  one-millionth  of  a  second  showed  the  same  remanent,  and 
probably  also  the  same  temporary  magnetization,  as  was  induced 
by  a  field  kept  up  indefinitely  at  the  same  strength.  This  being 
the  case,  the  remanent  magnetism  of  the  basalt  might  be  taken 
as  a  measure  of  the  maximum  magnetic  field  to  which  it  had 
been  subjected,  and  consequently  of  the  maximum  value  of  the 
magnetizing  current.  To  find  the  relation  between  the  field 
strength  and  the  temporary  and  permanent  magnetic  moments 
of  a  prism  it  was  only  necessary  to  test  the  specimen  in  known 

11  Lijhtning,  Encyclopaedia  Britannica,  ninth  edition. 

12Annalen  Phys.  Chem.,  63,   p.  195;  Annalen   Phys.  Chem.,  65,   pt.  2,   p.  458;   Phys.   Zeitschrift,   2, 
p.  306. 


Protection  Against  Lightning  39 

magnetic  fields  and  plot  three  curves,  one  having  temporary- 
moments  as  ordinates,  another  residual  moments  as  ordinates,  a 
third  having  the  ratio  of  these  moments  as  ordinates,  and  all  hav- 
ing the  field  strength  H  as  abscissae. 

The  general  appearance  of  the  magnetization  curves  of  basalt 
is  the  same  as  the  appearance  of  the  magnetization  curves  of  soft 
iron.  Both  the  temporary  and  remanent  magnetizations  increase 
more  rapidly  than  the  field  at  first,  and  afterwards  less  rapidly. 
The  ratio  of  the  remanent  to  the  temporary  magnetization  in- 
creases at  first  with  the  field,  but  then  becomes  constant,  and  finally 
decreases.  In  the  basalts  containing  the  larger  magnetite  crystals, 
the  remanent  magnetism  reaches  its  maximum  sooner  than  in  the 
others. 

In  order  to  test  the  method  Pockels  discharged  known  capacities 
which  had  been  charged  to  known  potentials  through  magnetizing 
circuits  of  known  resistance  and  self-induction,  the  constants  of 
the  circuit  having  been  chosen  to  give  a  highly  damped  discharge. 
He  then  calculated  the  maximum  value  of  the  current  by  means 
of  the  constants  of  the  circuit  and  compared  them  with  the  values 
determined  from  the  remanent  magnetism.  The  resistance  of  the 
spark  gap  was  neglected  in  making  these  calculations,  but  the 
results  agreed  very  well  in  the  two  cases.  The  equation  connect- 
ing  the   various   quantities   concerned   is   i  = — 1-  H ;  where 

2  tan"1 — 

2  a 

i  is  the  current  in  amperes,  /  the  length  of  the  basalt  bar,  a  the 
distance  of  its  middle  point  from  the  axis  of  the  conductor,  and 
H  the  value  of  the  magnetizing  field  which  would  produce  the 
same  effect  on  the  basalt  bar  as  the  magnetizing  field  of  the  current 
in  question. 

The  following  values  of  H,  and  Mr,  the  magnetic  moment  of 
the  prism  due  to  the  remanent  magnetism,  were  obtained  on  five 
basalt  prisms : 

H=ioo  190  310 

Mr  =  o.i434  0.3616  0.5246 

The  results  of  these  experiments  were  made  use  of  by  Pockels 
in  making  an  approximate  determination  of  the  current  intensity 
of  lightning  flashes,  assuming,  as  previously  stated,  that  the  dis- 
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charge  in  a  flash  of  lightning  is  unidirectional.  The  first  meas- 
urements were  made  on  specimens  cut  from  outcroppings  of  basalt 
rock  which  showed  irregular  and  local  magnetization  which  could 
only  be  due  to  lightning  flashes.  Knowing  the  strength  of  the 
field  necessary  to  produce  the  remanent  magnetism  shown  by  the 
basalt,  only  the  distance  to  the  path  of  the  flash  was  necessary 
to  make  a  rough  determination  of  the  current.  This  distance  was 
in  some  cases  assumed  to  be  the  distance  to  the  surface  of  the 
rock ;  in  others  a  damaged  tree  was  assumed  to  give  the  necessary 
evidence.  One  estimate  made  by  assuming  the  distance  to  the 
flash  to  be  the  distance  to  the  surface  of  the  rock  led  to  a  minimum 
value  of  2900  amperes  as  the  current  intensity;  three  others,  on 
specimens  obtained  from  the  vicinity  of  damaged  trees,  gave  6400, 
6600,  and  10  800  amperes,  respectively.  These  values  are  prob- 
ably too  small,  because  of  the  period  of  time  which  elapsed  between 
the  time  of  the  flash  and  the  time  of  making  the  measurements, 
and  also  because  of  the  disturbance  of  the  basalt  in  cutting  it  out. 

Other  observations  were  made  on  basalt  prisms  exposed  in  the 
vicinity  of  a  branch  of  the  lightning  rod  on  the  observation  tower 
on  Mount  Cimone,  in  the  Appenines.  One  of  these  prisms,  which 
had  been  placed  at  a  distance  of  6.4  cm  from  the  rod  and  had 
been  subjected  once  to  the  magnetizing  effects  of  a  lightning 
stroke,  gave  Mr  =  0.52,  corresponding  to  #  =  303  and  1=10200 
amperes.  A  second  prism,  which  had  been  subjected  to  the  mag- 
netizing effects  of  four  strokes,  gave  Mr  =  0.3 12,  H=  166,  1  =  5530. 
A  third  prism  was  only  slightly  magnetic.  There  were  two  ground 
connections  to  the  lightning  rod,  so  it  is  quite  probable  that  the 
current  divided  symmetrically.  The  total  currents  in  the  two 
cases  were,  therefore,  20000  and  11  000  amperes,  respectively. 
These  values  are  doubtless  too  small,  because  the  prisms  were  not 
examined  until  several  months  after  having  been  exposed  and 
were  subjected  more  or  less  to  vibration  in  the  meantime. 

No  claim  whatever  to  accuracy  is  made  for  the  foregoing  results, 
but  they  show  beyond  a  doubt  that  the  currents  in  lightning 
flashes  must  be  reckoned  in  thousands  of  amperes;  but  because 
the  duration  of  the  current  is  so  short  the  total  quantity  of  elec- 
tricity is  relatively  small.  To  put  it  in  other  words,  a  small  quan- 
tity of  electricity  discharging  to  earth  in  a  few  thousandths  of  a 
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second  makes  a  momentary  current  of  very  great  magnitude,  just 
as  a  small  quantity  of  gunpowder  exploded  in  a  closed  space  very 
suddenly  makes  a  very  great  pressure  for  a  very  short  time.  The 
magnitude  of  the  current  in  a  lightning  discharge  is  also  important, 
whatever  its  duration  may  be,  because  it  gives  an  idea,  which  is 
not  at  present  obtainable  in  any  other  way,  of  the  magnitude  of 
the  potentials  which  may  be  set  up  between  a  lightning  rod  and 
earthed  objects  in  its  vicinity.  Moreover,  by  means  of  the  current 
and  duration  of  a  lightning  flash  an  estimate  may  be  made  of  the 
energy  liberated  in  a  lightning  rod  in  the  form  of  heat  in  the  event 
of  its  being  struck.  In  the  next  section  an  idea  is  obtained  of 
what  this  duration  may  be. 

2.  FREQUENCY  AND  DURATION  OF  LIGHTNING  FLASHES 

The  well-known  flickering  of  lightning  flashes,  which  is  visible 
to  the  unaided  eye,  indicates  that  a  flash  of  lightning  does  not 
always  consist  of  a  single  discharge  of  electricity,  but,  on  the  con- 
trary, consists  usually  of  a  number  of  successive  discharges  which 
follow  each  other  with  very  short  time  intervals  between  them. 
By  standing  where  the  light  from  a  flash  does  not  blind  the  eyes 
an  observer  can  detect  the  successive  discharges  for  each  complete 
flash  of  lightning,  the  number  of  which  varies,  for  different  flashes, 
from  2  or  3  to  10  or  more.  By  means  of  swinging  or  rotating 
cameras  photographs  have  been  made  which  show  separately  the 
constituent  parts  of  a  flash  in  so  far  as  they  can  be  shown  by 
taking  impressions  on  a  photographic  plate  moving  at  rather  a 
slow  speed.  From  these  photographs  have  been  calculated  the 
total  duration  of  the  flash  for  a  number  of  cases,  and  also  the 
intervals  of  time  between  the  successive  discharges.  Moreover, 
by  visual  means,  using  rotating  disks,  and  other  apparatus,  the 
durations  of  the  constituent  parts  of  the  flash  have  been  estimated. 

The  first  photographic  evidence  of  the  multiple  character  of 
lightning  flashes  was  undoubtedly  obtained  at  different  times 
by  Kayser  13  and  Riimcker,  each  using  a  stationary  camera,  the 
path  of  the  flash  being  shifted  by  the  wind.  The  durations  of 
the  flashes  were  estimated  from  these  photographs,  but,  owing 
to  the  fact  that  the  velocity  of  the  wind  was  not  known  accu- 

13  Berichte  der  Konigl.  Akad.,  Berlin,  1884,  s.  611. 
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rately  in  either  case,  the  results  are  not  to  be  relied  upon.  These 
photographs  are  of  importance,  however,  from  the  fact  that  they 
show,  the  distance  through  which  the  path  of  a  lightning  flash 
may  be  shifted  by  the  wind  while  the  successive  discharges  are 
taking  place.  More  will  be  said  of  this  later.  A  few  years  after 
Kayser's  and  Rumcker's  photographs  of  lightning  were  taken 
L.  Weber  14  showed  that  it  is  possible  to  make  a  time  analysis 
of  any  lightning  flash  by  moving  the  camera  while  the  exposure 
is  being  made,  thus  spreading  the  image  of  the  flash  over  the 
plate  and  separating  it  into  its  parts.  In  his  experiments 
Weber  simply  held  his  camera  in  his  hands  and  gave  it  a 
rotary  motion  such  that  the  optical  axis  of  the  objective  approxi- 
mately described  the  surface  of  a  cone.  As  a  result  of  this  it  is 
found  that  the  images  on  the  plate  of  corresponding  points  of 
successive  discharges  do  not  lie  on  a  straight  line,  but  on  a  circle 
which  tends  to  obscure  the  real  meaning  of  the  picture.  This 
method  only  permits  a  very  approximate  estimate  to  be  made  of 
the  time  interval  between  any  two  successive  discharges. 

The  best  work  on  photographic  time  analysis  of  lightning 
flashes  has  probably  been  done  by  B.  Walter.15  Walter  succeeded 
in  analyzing  the  sparks  from  an  induction  coil  by  means  of  a 
moving  film  and  at  once  saw  that  the  method  would  be  appli- 
cable to  the  analysis  of  lightning  flashes.  For  this  purpose  he 
mounted  his  camera  on  a  fixed  axis  around  which  it  was  made 
to  rotate  by  clockwork  at  a  slow  and  uniform  rate.  From  a 
photograph  of  a  lightning  flash  made  with  this  apparatus  a  simple 
calculation  by  means  of  the  following  formula  gives  a  very  close 
approximation  to  the  interval  of  time  between  any  two  successive 

discharges :  dt  ==  ■    /,       ,x  where  dy  is   the  distance  between  the 
&  u{f+y) 

images  on  the  plate  of  any  two  successive  discharges  along  the  same 

path,  co  the  angular  velocity  of  the  camera,  y  the  distance  of  the 

point  on  the  plate  from  a  line  through  the  center  of  the  plate  and 

parallel  to  the  axis  of  rotation  of  the  camera,  and  /  is  the  focal 

length  of  the  lens. 

With  the  apparatus  described  in  the  foregoing  paragraph  Walter 

took  a  number  of  photographs  of  lightning  flashes  and  deter- 

M  Berichte  der  Konigl.  Akad.,  Berlin,  1889,  s.  .781.  15  Annalen  der  Physik,  10,  pt.  2,  p.  393. 
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Fig.  i. — Photograph  of  lightning  flash  taken  with  a  moving  camera 
(Photograph  by  Dr.  li.  Walter,  of  Hamburg,  Germany) 
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mined  the  total  durations  of  the  flashes  and  also  the  intervals  of 
time  between  the  successive  discharges.  In  the  case  of  a  flash 
consisting  of  five  successive  discharges  the  total  time  was  found 
to  be  0.2447  second,  while  the  intervals  between  the  successive 
discharges  were  0.0360,  0.0364,  0.0283,  and  0.1440  second,  respec- 
tively. These  are  fairly  representative  of  the  average  duration 
and  time  intervals  of  the  flashes  of  which  photographs  were  taken. 
The  durations  and  intervals  are  variable,  however,  and  range  for 
different  flashes  from  practically  zero  to  0.6  second  or  more  for 
the  duration,  depending  apparently  on  the  number  of  successive 
discharges  in  a  flash,  and  from  practically  zero  to  0.20  or  0.30 
second  for  the  intervals.  A  photograph  taken  by  Larsen  16  with 
a  rotating  camera  shows  40  distinct  discharges  in  a  single  flash, 
the  duration  being  0.624  second  and  the  average  interval  0.0156 
second.  The  intervals  between  the  successive  discharges  varied 
from  0.0026  to  0.0520  second.  This  flash  is  exceptional  because 
of  the  large  number  of  successive  discharges  which  occurred. 

Fig.  1  is  a  reproduction  of  a  photograph  from  the  collection  of 
B.  Walter,  which  shows  in  a  marked  way  the  general  character  of 
a  lightning  flash.  Beginning  at  the  right,  what  may  be  called 
the  predischarge  is  shown.  This  predischarge  consists  of  a  pre- 
liminary branching  discharge,  which  is  the  most  noticeable  at  the 
positive  end  of  the  flash,  and  may  occur  several  times  before  the 
first  complete  initial  discharge  occurs.  This  predischarge,  with 
each  recurrence,  extends  itself  from  the  positive  end  in  steps  and 
prepares  the  path  for  the  complete  initial  discharge.  The  time  of 
preparation  of  the  path  may  be  as  much  as  one-fiftieth  second. 
The  predischarge  is  noticeable  at  the  negative  end,  but  in  much 
less  degree  than  at  the  positive  end.  This  predischarge  has  been 
carefully  studied  by  Walter,  using  moving-photographic  films,  and 
sparks  from  an  induction  coil  having  suitable  inductances  and 
capacities  in  circuit  with  it.17  When  the  path  has  been  fully  formed 
by  the  predischarge  the  first  complete  discharge  occurs.  This  is 
usually  followed  by  several  other  discharges  along  the  path  ionized 
by  the  first  discharge  until  a  stage  of  exhaustion  of  the  path  is 
reached  which  allows  a  continuous  discharge  to  occur  which  lasts, 

16  Photographing  Lightning  with  Moving  Camera,  Annual  Report  of  Smithsonian  Institution,   1905, 
p.  119. 

17  Annalen  der  Physik,  vol.  10,  pt.  2,  p.  393. 
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comparatively  speaking,  for  a  considerable  length  of  time,  and  pro- 
duces striations  similar  to  those  seen  in  a  vacuum  tube.  Instead 
of  being  a  few  millimeters  in  height,  however,  the  striations  in  a 
lightning  flash  may  be  from  40  to  80  centimeters  in  height.  When 
the  cloud  is  exhausted  by  this  continuous  discharge  a  short  cessa- 
tion occurs,  after  which  there  is  a  final  discharge,  usually  much 
weaker  than  the  first  discharges.  These  phenomena  are  all  more 
or  less  clearly  shown  by  the  reproduction  given  in  Fig.  1 .  Many 
variations  from  this  procedure  may  occur  but  in  general  a  flash  of 
lightning  is  made  up  of  the  constituent  discharges  just  described. 

The  characteristics  of  the  constituent  discharges  of  a  flash  of 
lightning  are  of  the  most  interest  in  connection  with  the  design 
of  a  lightning-rod  system.  Whether  these  discharges  are  uni- 
directional, as  assumed  by  Pockels  in  his  measurements  of  the 
maximum  currents  of  lightning  flashes,  or  whether  the  discharges 
are  oscillatoty  has  not  yet  been  ascertained.  It  is  doubtful 
whether  the  exact  character  of  these  discharges  can  be  ascertained 
by  photographic  methods.  K.  E.  F.  Schmidt 18  doubts  very 
much  whether  it  will  ever  be  possible  by  means  of  revolving 
devices  to  demonstrate  the  existence  of  oscillations  having  a 
period  of  less  than  1/30  000  second.  He  thinks  that  if  a  flash  is 
really  periodic,  methods  of  observation  depending  on  electrical 
resonance  will  have  more  chance  of  success  in  demonstrating  the 
oscillations.  This  suggestion  is  qualified,  however,  by  supposing 
that  the  oscillations  are  not  strongly  damped.  What  this  sup- 
position will  come  to  remains  to  be  seen,  but  at  present  a  con- 
sideration of  the  nature  of  the  path  of  lightning  discharges,  and 
the  magnetic  effects  of  lightning  which  were  observed  by  Pockels 
and  others,19  makes  it  seem  more  probable  that  the  oscillations  are 
strongly  damped  than  otherwise. 

In  order  to  get  an  idea  as  to  what  the  dimensions  of  the  resonance 
apparatus  should  be  Schmidt  made  some  experiments  with  a 
rapidly  revolving  disk.  A  black  disk  was  used,  10  cm  in  diameter, 
with  a  white  cross  on  it,  the  arms  of  the  cross  being  2  mm  in 
width.  The  disk  was  driven  by  clockwork  at  a  rate  of  50  to  60 
revolutions  per  second,  the  speed  depending  on  the  tension  of  the 

18  Elektrotechnisehe  Zeitschrift,  v.  26,  p.  903. 

19  See  P.  Gamba,  Magnetization  of  Brickwork  by  Lightning,  Accad.  Lincei,  Atti,  vol.  8.  p.  316.  Platania 
and  Platania,  Comptes  Rendus,  vol.  141,  p.  974- 
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FlG.  xa. — Same  lightning  flash  as  shown  in  figure  I  taken  with  a  stationary  camera 
(Photograph  by  Dr.  B.  Walter,  of  Hamburg,  Germany) 
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driving  spring.     With  this  disk  the  following  observations  were 
made: 

(a)  Many  flashes  illuminated  the  disk  so  as  to  cause  only  one 
distinct  and  sharply  defined  image  of  the  cross  to  be  seen. 

(b)  More  frequently,  however,  two,  three,  or  more,  sharply 
defined  images  of  the  cross  were  seen,  either  in  such  rapid  succes- 
sion as  to  have  the  appearance  of  being  instantaneous  or  with 
distinct  time  intervals  between  them.  One  cross  was  very  bright, 
the  second,  as  a  rule,  less  bright,  and  the  third  less  bright  than  the 
second,  and  so  on;  with  the  decrease  in  brightness  the  width  of 
the  cross  arms  seemed  also  to  decrease. 

The  relative  positions  of  the  crosses  to  each  other,  as  well  as  the 
order  in  which  they  followed,  varied  greatly.  Often  the  angle 
between  two  images  was  45  °,  and  then  again  they  approached 
within  io°  of  each  other. 

Often  the  successively  appearing  images  gave  the  impression 
that  the  disk  turned  clockwise,  while  in  reality  it  turned  in  the 
opposite  direction ;  at  other  times  the  disk  seemed  to  oscillate. 

(c)  Several  times  a  bright  cross  was  observed  with  indistinct 
edges;  at  both  sides  of  the  four  cross  arms  two  or  three  fine  ray- 
like arms  appeared,  making  an  angle  of  about  50  with  each  other. 

(d)  In  the  case  of  a  very  bright  horizontal  flash  eight  bright, 
sharp  images  of  the  cross  were  observed  with  the  same  angular 
displacement  between  them.  One  of  these  images  was  somewhat 
brighter  than  the  others. 

(e)  In  the  case  of  a  not  well-defined  lightning  flash  which  was 
perpendicular  to  the  horizon,  having  an  altitude  of  about  300  to 
400,  the  disk  appeared  gray  and  no  cross  was  observed. 

The  following  conclusions  are  drawn  from  these  observations : 
In  the  first  place  they  confirm  the  deductions  made  by  Walter 
from  his  photographs,  that  the  discharge  varies  greatly  with  dif- 
ferent flashes  of  lightning. 

The  observations  under  b  indicate  a  succession  of  partial  dis- 
charges; the  interval  between  any  two  discharges  can  only  be 
estimated  definitely,  however,  if  they  both  occur  within  the  period 
of  one  revolution  of  the  disk.  That  this  did  not  always  occur  is 
evidenced  by  the  fact  that  at  times  the  disk  appeared  to  turn  in 
opposition  to  its  real  direction  of  rotation,  and  at  other  times 
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seemed  to  oscillate;  hence,  the  intervals  can  not  be  estimated 
with  certainty  from  the  angles  between  the  appearances  of  the 
images  of  the  cross  on  the  disk. 

In  the  case  of  a  the  visible  discharges  must  have  occurred  dur- 
ing a  period  of  less  than  1/35  000  to  1/40  000  of  a  second.  If  the 
period  of  these  single  discharges  had  been  greater,  a  distinct  broad- 
ening of  the  image  of  the  cross  arms  would  have  been  observed. 
However,  no  perceptible  broadening  of  the  arms  of  the  cross  were 
observed  in  any  case,  so  the  duration  of  the  constituent  parts  of 
the  flashes  must,  in  every  case  but  e,  have  been  less  than  1/35  000 
second.  The  establishing  of  this  time  is  of  great  importance,  for 
the  reason  that  in  case  oscillatory  discharges  do  occur  it  gives  an 
indication  of  the  upper  limit  of  magnitude  of  the  period  of  the 
oscillation. 

The  frequency  of  a  stroke  of  lightning  has  been  calculated  by 
Emde20,  by  assuming  (1)  a  circular  conducting  cloud  and  a  cir- 
cular portion  of  the  earth's  surface  situated  symmetrically  beneath 
it;  between  these  the  lines  of  force  are  normal  to  both;  (2)  a  con- 
centric cylinder  occupied  by  incandescent  gas  between  the  cloud 
and  the  earth;  (3)  that  the  current  density  is  the  same  in  each 
cross  section  of  this  cylinder,  i.  e.,  that  no  waves  exist  along  the 
gas  column.  By  making  some  additional  assumptions  in  regard 
to  the  diameter  of  the  cloud  and  flash,  Emde  finds  a  frequency  of 
from  2000  to  8000  cycles  per  second,  or  an  average  of  5000  cycles. 
There  is  some  doubt,  however,  as  to  the  validity  of  Emde's 
assumptions,  and  his  results  should,  perhaps,  be  taken  only  as  in. 
some  degree  confirmatory  of  the  opinion  which  more  or  less  gen- 
erally is  held  that  lightning  is,  in  effect,  an  electrical  discharge  of 
medium  frequency;  that  is,  hundreds  of  thousands  of  cycles  per 
second,  as  distinguished  from  low  frequencies  of  a  few  hundreds 
of  cycles  per  second,  or  high  frequencies  of  a  million  or  more 
cycles  per  second;  and  in  most  cases  is  of  sufficiently  steep  wave 
front  to  excite  secondary  high-frequency  phenomena,  even  though 
it  may  be  so  rapidly  damped  as  to  be  practically  a  unidirectional 
discharge.  To  state  definitely  what  ranges  the  frequency  of  light- 
ning discharges  may  cover,  however,  requires  that  much  more 
experimental  work  be  done. 

20  Die  Schwingungszal  des  Blitzes,  von  Fritz  Emde,  Elektrotechnische  Zeitschrift,  v.  31,  p.  675,  1910. 
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3.  POTENTIALS  OF  LIGHTNING  FLASHES 

With  regard  to  the  potentials  of  lightning  flashes  but  little  more 
than  estimates  are  available.  The  potential  required  to  cause  a 
flash  of  lightning  a  mile  long  has  been  estimated  by  Lodge  21  to 
be  5  000  000  000  volts,  using  as  a  basis  the  breakdown  voltage  of 
air,  which  is  about  30  000  volts  per  cm.  Although  this  seems 
rather  improbable  it  can  be  shown  by  calculation,  based  on  exper- 
imental evidence  at  hand  as  to  the  charges  of  falling  rain,  that 
such  voltage  conditions  may  be  realized.  Prof.  Trowbridge,  how- 
ever, has  cast  doubt  over  the  validity  of  these  figures  by  means 
of  experiments  with  voltages  exceeding  a  million  which  seem  to 
indicate  that  with  long  air  gaps  and  extremely  high  potentials  air 
may  exhibit  properties  different  from  those  shown  under  the  volt- 
age conditions  which  have  hitherto  been  realized.22  In  designing 
a  system  of  lightning  rods  the  only  potentials  which  need  to  be 
considered  are  those  set  up  in  the  system  itself,  and  in  a  following 
section  an  estimate  is  given  of  the  magnitude  which  these  poten- 
tials may  attain. 

4.  SHIFTING  OF  THE  PATH  OF  LIGHTNING  FLASHES  BY  THE  WIND 

An  examination  of  such  reports  as  are  available  on  failures  to 
obtain  satisfactory  protection  from  lightning  by  means  of  light- 
ning rods  discloses  the  fact  that  an  occasional  accident  occurs  for 
which  no  explanation  can  be  given,  which  is  based  on  any  of  the 
causes  to  which  failures  of  lightning  rods  are  usually  ascribed.  In 
such  cases  if  there  is  no  evidence  of  neglect  in  connecting  some 
mass  of  metal  to  the  rod,  or  if  there  are  no  bad  ground  connections 
or  other  obvious  cause  to  account  for  the  phenomenon,  it  is  usually 
recorded  as  one  of  the  vagaries  of  lightning.  In  fact,  in  some  of 
these  cases  it  does  seem  as  if  the  path  of  the  stroke  had  not  been 
chosen  naturally,  but  had  been  picked  out  at  random,  the  same 
stroke  apparently  striking  in  several  places  at  once.  An  explana- 
tion for  some  of  these  phenomena  may  possibly  be  found  in  the 
evidence  furnished  by  the  photographs  taken  by  Kayser  and 
Riimcker,  which  were  previously  referred  to.  These  photographs 
show  that  during  the  period  of  a  multiple  flash,  consisting  of  sev- 

21  Lightning  Conductors  and  Lightning  Guards,  p.  9. 

22  Some  results  obtained  with  a  storage  battery  of  20,000  cells,  Nature,  v.  62,  p.  32. 
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eral  consecutive  discharges,  the  ionized  path  of  the  flash  may  be 
shifted  by  the  wind  over  a  considerable  distance.  The  photo- 
graph taken  by  Kayser  in  1884  with  a  stationary  camera,  showed 
a  shifting  of  the  path  of  the  flash,  in  a  direction  at  right  angles  to 
the  optical  axis  of  the  objective,  over  a  distance  which,  from  the 
focal  length  of  the  lens  and  the  supposed  distance  to  the  flash, 
was  estimated  at  4  meters  (13.12  feet).  The  photograph  taken 
by  Rumcker  under  the  same  conditions  showed  a  shifting  of  the 
path  of  the  flash  of  11.1  meters  (36.4  feet).  In  taking  the  latter 
picture  the  camera  was  not  inclined  to  the  horizon,  but  only  the 
board  carrying  the  objective,  thus  causing  the  image  to  be  sharp 
only  in  the  central  part.  The  distance  from  the  camera  to  the 
place  where  the  stroke  fell  was  definitely  known  (530  m)  so  that 
with  the  known  focal  length  of  the  lens  (22.5  cm),  and  the  dis- 
tance between  the  images  of  the  initial  and  final  discharges  on  the 
plate  (4.7  mm),  it  was  possible  to  calculate  with  a  fair  degree  of 
accuracy  the  distance  covered  by  the  flash  at  right  angles  to  the 
axis  of  the  objective.  In  neither  of  these  cases  was  the  direction 
of  the  wind  known,  so  it  is  possible  that  the  total  distances  over 
which  the  paths  of  the  flashes  were  shifted  were  actually  greater 
than  those  given;  those  given  being  projections  of  the  total  dis- 
tances upon  planes  parallel  to  the  plates.  In  any  event,  these 
photographs  show  that  the  path  of  a  lightning  flash  can  be  shifted 
by  the  wind  to  such  an  extent  that,  although  the  initial  discharge 
of  a  flash  may  take  to  a  lightning  rod  and  be  carried  off  harmlessly, 
those  following  may  keep  to  the  ionized  path  as  it  is  swept  aside 
and  strike  a  projecting  corner  of  the  building,  or  a  tree  close  by. 
The  shifting  of  the  path  of  a  flash  of  lightning  by  the  wind  may 
explain  what  are  called  divided  strokes.  Objects  near  each  other, 
as  a  house  and  a  tree,  are  often  struck  apparently  simultaneously, 
the  stroke  seeming  to  divide  as  it  approaches  the  earth.  Visually, 
of  course,  the  stroke  may  appear  to  divide,  but  inasmuch  as  a  vis- 
ual image  of  a  flash  may  persist  for  as  much  as  one-tenth  second 
it  is  likely  that  many  strokes  which  appear  to  divide  are  in  reality 
shifted  by  the  wind.  The  same  explanation  may  also  apply  to 
many  so-called  side  flashes  from  rods  which  have  been  attributed 
to  various  causes.  In  designing  a  system  of  lightning  rods  this 
shifting  of  the  path  of  a  lightning  stroke  must,  therefore,  be  taken 
into  account  and  provision  made  against  it  as  far  as  possible. 
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5.  SOME  CONDITIONS  TO  BE  CONSIDERED  IN  DESIGNING  A  PROTECTIVE 

SYSTEM 

(A)  Heating  effects. — The  more  or  less  meager  data  on  the  elec- 
trical characteristics  of  lightning  which  have  just  been  given  make 
possible  certain  assumptions  as  to  the  current,  wave  front,  and 
duration  of  a  flash  of  lightning  which,  to  a  small  degree  at  least, 
are  founded  on  facts.  It  is  of  interest  to  estimate  from  these  as- 
sumptions the  amount  of  energy  in  the  form  of  heat  which  may 
possibly  be  liberated  in  a  rod  in  the  event  of  its  being  struck,  and 
also  the  differences  of  potential  which  may  at  the  same  time  be  set 
up  between  the  rod  and  earthed  objects  in  its  vicinity.  The  rela- 
tive skin  effects  in  cylindrical  rods  of  copper  and  iron  may  also  be 
calculated  quite  readily,  provided,  of  course,  that  the  character  of 
the  wave  front  is  known.     Let  these  assumptions  be  as  follows: 

(a)  Take  the  maximum  current  in  the  flash  as  25  000  amperes; 
and  let  it  be  supposed  that  there  are  10  consecutive  discharges  of 
equal  intensity. 

(6)  For  the  wave  front  let  it  be  assumed  that  in  one  case  the 
rate  of  variation  of  current  is  equivalent  to  100  000  cycles  per  sec- 
ond, and  in  another  case  to  500  000  cycles  per  second. 

(c)  Suppose  the  duration  of  each  consecutive  discharge  to  be 
1/35  000  second.  The  total  duration  of  the  flash,  not  counting  the 
intervals  between  successive  discharges,  would,  therefore,  be 
10/35  000  second. 

(d)  Since  there  are  no  data  available  as  to  the  wave  shape  and 
damping,  let  an  undamped,  rectangular  wave  of  current  of  an 
amplitude  of  25  000  amperes  be  assumed  as  giving  the  severest 
possible  conditions  as  to  heating.  The  duration  of  the  discharge 
being  very  short  but  little  heat  would  be  lost  by  radiation,  and  it 
may,  therefore,  be  assumed  that  all  of  the  heat  liberated  within 
the  rod  is  retained  by  it  until  the  discharge  is  completed. 

(<?)  Assume  a  lightning  rod  of  No.  0000  solid  copper  wire,  with  a 
diameter  of  1.17  cm  (0.46  inch)  and  a  length  of  30.5  m  (about 
100  feet)  between  two  ground  connections  on  opposite  sides  of  a 
building.  Place  the  aerial  terminal  in  the  middle.  The  resistance 
to  steady  currents  of  the  rod  from  the  aerial  terminal  to  the  two 
ground  connections  would  be  0.00137  ohm  at  500  C,  exclusive  of 
joints. 

40072°— 16 4 


means 


50  Technologic  Papers  of  the  Bureau  of  Standards 

On  account  of  the  steep  wave  front  of  the  discharge  the  skin 
effect  must  be  taken  into  account  in  calculating  the  value  of  the 
resistance  of  the  rod  which  is  to  be  used  in  obtaining  the  heating 
effect  of  the  current.  For  the  equivalent  frequencies  assumed  in 
(b)  this  resistance  may  be  approximated  within  2  per  cent  by 

of  the  formula  Rf  =i?— Jw,23  where  R'  denotes  the  high- 
frequency  resistance,  R  the  resistance  to  steady  currents,  d  the 
diameter  of  the  rod  in  centimeters,  and  n  the  frequency.  This 
formula  is  derived  on  the  assumption  that  the  current  impressed 
upon  the  conductor  has  a  sine  wave  form.  It  may  be  that  a 
lightning  discharge  has  an  extremely  abrupt  wave  front,  in  which 
case  the  resistance  given  by  this  formula  would  not  be  correct,  but 
inasmuch  as  the  wave  form  of  a  lightning  discharge  is  not  known 
at  present,  the  value  of  the  resistance  thus  derived  will  have  to  do 
for  illustrative  purposes.     Substituting  in  the  formula  it  is  found 

1                       1    7-,/                    3.1416X1.17 
that  when  n  =  100  000  cycles  per  second,  R  =0.00137 ~ 


100000=0.0199    ohm.     When   n  =  500  000   cycles  per  second, 


v  __ 

7-./                  3.1416x1.17    /  ,         ^ 
R  =0.00137  - — — ^ --.  /  500  000  =0.0445  ohm.    The  energy  ex- 
pended in  heat  in  the  rod  is  I2  R'  t,  where  t  is  the  time  of  the  dis- 
charge; in  this  case second,  as  explained  in  (3).     Substitut- 

6  35000 

,«        -  .       (25  ooo)2X 0.0199  X 10  w  a 

mg    m    the    formula,  ^-* - — =  3553    watt-seconds 

&  35  000 

(joules).     Changing  this  to  units  of  heat,  ^^  =849  gram  calories 

4.10 

of  heat  liberated  in  the  rod  by  the  flash  as  assumed  above,  when 

n  =  100  000  cycles  per  second.     When  71  =  500000  cycles  per  sec- 

■t       a1  1  A    *M  J      ■  ^  J     •         (25    OOO)  2X  0.0445    X   IO  , 

ond,  the  heat  liberated  m  the  rod  is  ^^ ^-^ =  7946 

35000 

watt-seconds  =  1898  gram  calories. 

The  average  specific  heat  of  copper  from  o°  C  to  10830  C,  its 
melting  point,  is  about  o.  1 1 ,  this  value  being  obtained  by  plotting 

23  See  Lord  Rayleigh,  Self-induction  and  resistance  of  straight  conductors,  Philosophical  Magazine, 
series  V,  vol.  21,  p.  381,  May,  1886;  also  J  A.  Fleming,  Principles  of  electric  wave  telegraphy,  p.  90,  ed. 
1906. 
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a  curve  of  specific  heats  for  various  temperatures  and  taking  the 
average  ordinate  of  the  curve.  To  raise  the  temperature  of 
1  gram  of  copper  from  300  C  to  its  fusing  point,  therefore,  requires 
about  1053  xo.n=ii5  calories  of  heat;  hence,  at  the  equivalent 
frequency  of  100  000  cycles,  enough  heat  would  be  liberated  in  the 

rod  to  bring  f«  -  7.4  grams  of  copper  to  the  fusing  point.     If  the 

equivalent  frequency  of  the  flash  were  500  000  cycles,  enough 

heat  would  be  liberated  in  the  rod  to  bring  — —  =  16.5  grams  of 

copper  to  the  fusing  point. 

It  is  also  of  interest  to  calculate  the  effect  of  such  a  stroke  of 
lightning  on  an  iron  rod  of  the  same  dimensions.  In  this  case  the 
foregoing  formula  for  R'  must  be  modified  to  include  the  effects  of 
the  magnetic  permeability  of  the  iron.     The  formula  thus  becomes 

2I  io-9    /  " 

Rr  =  — -3 — -.  /  p  p  n,  where  p  is  the  resistivity  of  the  iron  in  elec- 
tromagnetic units,  p  its  permeability  in  the  same  units,  /  the  length, 
and  n  and  d  as  just  given.  The  factor  io-9  is  introduced  to  change 
from  electromagnetic  units  to  practical  units,  thus  giving  R'  in 
ohms.  An  average  value  of  p  for  iron  is  found  to  be  12  microhms 
per  cm3,  or  12  000  electromagnetic  units  of  resistance.  The  value 
of  p  will  be  comparatively  small  because  of  the  extremely  high- 
current  density  and  consequent  high  magnetizing  force  in  a  con- 
ductor of  1. 1 7  cm  diameter  carrying  25  000  amperes.  It  can  be 
shown  that  p  in  this  case  will  be  of  the  order  of  2.5,  so  let  this  value 
be  assumed  for  the  permeability.  As  before,  I  =  1525  cm,  d=i.ij 
cm,  and  n  =  100  000  and  500  000  cycles  per  second. 

.  * .  R'  —  '      ..  /  2.;xi2  000  x  100  000=0.0714  ohms  at 

1. 17       \ 

100  000  cycles. 
When  n  =  500  000  cycles, 

t  for    \/  t  f\~9        / 

R'  = ~V  2-5  x  I2  oooX500  000  =  0.1596  ohms. 

The  resistance  to  steady  currents, 

_       2p/      O.OOOOI2XI525X2  _  . 

R  =  — 7  = — ,        ,-     =0.00851  ohms. 

ird2         3.i4i6x(i.i7)2  ° 
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These  values  for  the  iron  rod,  in  the  same  way  as  for  the  copper 
rod,  are  obtained  on  the  supposition  that  the  two  parts  of  the 
rod,  from  the  aerial  terminal  to  the  ground  connections,  are  in 
parallel.  The  energy  expended  in  heat  in  the  rod  if  the  equiva- 
lent frequency  of  the  flash  were  ioo  ooo  cycles  per  second,  would 

(25  ooo)2  X0.0714  X 10  ,  12  750 

be  — - L—z =  12  750  watt  seconds,  or  5-  =  3050 

35  000  /J  4.18        °  ° 

gram  calories.     If  the  equivalent  frequency  were  500  000  cycles 

per  second,  the  energy  expended  in  heat  in  the  rod  would  be 

(25  ooo)2  X  0.1 596  X  10       n  , 

•1-±! - — =  28  500     watt     seconds     or     6809     gram 

35000  °  & 

calories. 

The  average  specific  heat  of  iron,  obtained  in  the  same  way  as 
that  of  copper,  is  about  0.21.  The  number  of  calories  required  to 
raise  the  temperature  of  a  gram  of  iron  to  its  fusing  point  (about 
15300  C)  is,  therefore,  1500X0. 21  =315  calories.  The  number  of 
grams  of  iron  which  the  heat  liberated  in  the  rod  in  the  case  of 

100  000  cycles  would  bring  to  the  fusing  point  would  be =  9.7. 

In  the  case  of  500  000  cycles  the  number  of  grams  of  iron  brought 

to  the  fusing  point  would  be -  =  21.6. 

In  all  of  the  foregoing  cases  the  high-frequency  resistance  of  the 
rods  varies  inversely  as  the  diameter,  and  consequently  the  heat 
liberated  also  varies  in  the  same  way.  Thus,  a  rod  one-half  the 
diameter  of  those  given  under  the  same  conditions  would  show 
twice  as  much  metal  brought  to  the  fusing  point.  It  thus  appears 
that  all  lightning  rods  of  ordinary  size  as  erected  at  the  present 
time  are  safe  from  being  fused  unless  flashes  occur  which  are  of 
vastly  greater  steepness  of  wave  front  and  current  strength  than 
the  one  just  assumed  for  purposes  of  calculation,  or  the  rods  con- 
tain high-resistance  joints  which  increase  the  heating  effects  at 
points.  Practical  experience  has  shown  also  that  rods  of  ordi- 
nary size,  meaning  rods  weighing  from  0.5  kg  per  meter  (5.2 
ounces  per  foot)  and  upward,  are  seldom  or  never  fused,  except 
at  the  point  and  places  where  the  flash  leaves  the  rod  for  some 
other  object.  From  the  specific  heat  of  iron  and  the  quantity  of 
metal  in  the  rod  it  can  be  shown  that  the  temperature  of  the  iron 
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rod  used  in  the  foregoing  calculations  would  be  raised  about 
300  C  above  surrounding  temperatures  by  the  quantity  of  heat 
liberated  at  the  equivalent  frequency  of  500  000  cycles.  The 
temperature  of  the  others  would  be  raised  much  less  than  this. 

(B)  Potentials. — It  is  evident  that  the  heating  effects  of  a  light- 
ning stroke  as  it  transverses  a  rod  are  in  most  cases  compara- 
tively insignificant,  but  the  same  can  not  be  said  of  the  potentials 
set  up  between  the  rod  and  the  earth  or  other  conducting 
objects  in  its  vicinity.  As  mentioned  heretofore  in  this  paper, 
the  resistances  of  the  ground  connections  used  in  lightning-rod 
systems  are,  in  general,  rather  high,  and  it  is  not  probable  that 
many  of  them  would  be  found  of  which  the  resistance  of  two  in 
parallel  would  be  less  than  25.  ohms.  It  is  of  interest  to  note 
what  the  drop  in  potential  across  such  a  ground  connection  might 
be,  leaving  out  of  account  all  superimposed  effects  due  to  high- 
frequency  oscillations,  and  taking  merely  the  drop  in  potential 
which  would  occur  across  the  ground  connection  if  the  current 
were  steady  and  unidirectional.  Taking  a  value  for  the  current 
as  assumed  above  this  is  simply  25000X25=625000  volts.  If, 
in  addition  to  this,  there  are  superimposed  the  effects  of  high- 
frequency  oscillations,  the  necessity  for  care  in  the  installation  of 
a  system  of  lightning  rods  in  order  to  obtain  the  maximum  degree 
of  protection  becomes  quite  obvious. 

R' 

(C)  Relative  skin  effects. — From  a  comparison  of  the  ratio  -~- 

XV 

for  the  different  frequencies  for  copper  and  iron  some  information 
may  be  obtained  as  to  the  relative  skin  effects  in  rods  of  the 
same  dimensions  in  the  two  metals.  In  the  case  given,  for  rods 
1 . 1 7  centimeters  in  diameter,  it  is  found  that 

R'  :        0.0199 

-jt  for  copper  at  100  000  cycles  = ^z—  =  14.  s 

R  vv  J  0.00137       ^  ° 

Rf  ,  ,        0.04451 

-p-  tor  copper  at  500  000  cycles  =  —         =32.5 


0.00137 
0.0714 

A  V_»V/    \JKJKJ    \_  y  \„iv_o  —  ~ 

R  0.00851 

R/      *  •  4.  1  0-1596 

-=r  for  iron  at   500  000  cycles  =  — ^~~    =  18.7s 
R  J  0.00851  /0 


R'  r  1        0.0714 

for    iron   at    100  000  cycles  =  ^  ^q^_t  =8.4 

^'  r  1  1        0-1596 

s-  for  iron  at   500  000  cycles  =  — ~ —  =  18.75 
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At  this  high-current  density  and  with  frequencies  of  from 
iooooo  to  500000  cycles  the  skin  effect  in  iron,  therefore,  appears 
to  be  less  than  in  copper.  It  seems,  then,  that  at  the  enormously 
high-current  intensities  and  steep-wave  fronts  of  most  lightning 
discharges  there  is  practically  no  advantage  inherent  in  either 
metal  as  far  as  skin  effect  is  concerned.  It  is  also  evident  from 
the  above  calculations  that  even  though  for  direct  currents  the 
effective  resistance  of  iron  is  about  six  times  that  of  copper,  and 
for  alternating  currents  of  low  frequency  is  enormously  greater, 
for  electrical  discharges  of  high  frequencies  or  very  steep-wave 
fronts  involving  very  heavy  currents  the  effective  resistance  of 
iron  is  much  less  than  six  times  that  of  copper.  The  superiority 
of  copper  over  iron  for  lightning  conductors  under  these  severe 
conditions  is,  therefore,  much  less  than  for  direct  or  ordinary 
alternating  currents.  It  should  be  pointed  out  in  this  connection 
that  it  is  only  in  case  very  heavy  current  discharges  are  involved 
that  we  are  much  concerned  with  the  conductance  of  lightning 
rods,  and  in  such  case  the  saturation  of  the  iron  would  always 
result.  Thus  it  is  when  high  conductance  is  most  important  that 
the  superiority  of  copper  becomes  relatively  small. 

VI.  RELATIVE  LIABILITY  TO  DAMAGE  BY  LIGHTNING  OF 
DIFFERENT  CLASSES  OF  BUILDINGS  AND  OTHER  FORMS 
OF  PROPERTY 

It  is  generally  recognized  that  certain  classes  of  buildings  and 
other  forms  of  property  are  more  liable  to  damage  by  fire  from 
lightning  than  others.  In  recent  years,  however,  apparently  no 
attempt  has  been  made  systematically  to  obtain  data  from  which 
could  be  shown  the  order  in  which  different  classes  of  property 
might  fall  with  regard  to  their  liability  to  fire  from  lightning  as 
compared  with  their  liability  to  fires  from  other  causes;  nor  have 
many  data  been  given  which  would  show,  for  any  particular  class 
of  property,  the  relation  between  cases  of  damage  by  fire  caused 
by  lightning  and  cases  of  damage  by  lightning  without  fire.  What 
appear  to  be  the  most  recent  data  of  a  comprehensive  nature  from 
which  may  be  obtained  a  knowledge  of  the  first  of  these  subjects 
are  to  be  found  in  Chronicle  Fire  Tables  for  1903,  a  publication 
which  has  previously  been  referred  to  in  this  paper.     The  data 
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contained  in  these  tables  cover  a  period  of  19  years  prior  to  1903, 
during  which  time  very  complete  records  were  kept  by  insurance 
companies  of  the  number  of  fires  from  various  causes  and  the 
records  classified  as  to  the  property  affected.  Records  of  150 
classes  of  property  are  given,  covering  several  million  fires,  and 
including  almost  every  kind  of  insured  property  excepting  marine 
property.  The  data  on  those  classes  of  property  for  which  1  per 
cent  or  more  of  the  total  number  of  fires  were  caused  by  lightning 
have  been  abstracted  and  are  presented  in  Table  8.  As  might 
have  been  expected  oil  tanks  head  the  list,  with  churches  and 
barns  following  in  close  order. 

TABLE  8 
Relative  Liability  of  Different  Classes  of  Property  to  Fire  by  Lightning  24 


Class  of  risks 


Fires 
from  all 
causes 


Fires 
caused  by 
lightning 


Per  cent 

of  fires 

caused  by 

lightning 


Fires  of 
which  the 

causes 
were  un- 
known 
and  not 
reported 


Fires 

caused  by 

exposure 

to  other 

fires 


Fires, 
known 
causes 
aside 
from  ex- 
posure 


Per  cent 
of  fires 

by  known 
causes 
which 
were 

caused  by 

lightning 


Oil  tanks 

Churches 

Barns,  stables,  granaries,  etc . . . 

Railroad  depots  and  station 
buildings , 

Electric-light  stations 

Telegraph  and  telephone  offices. 

Cotton  warehouses  and  store- 
houses   

Tobacco  barns 

Schoolhouses 

Police  and  fire  department  sta- 
tions  

Cordage  and  twine  factories 

Railroad  stables 

Malt  houses 

Silk  mills 

Courthouses 

Rice  mills 

Distilleries 

Asylums 

Oil,  stills,  and  refineries 

College  buildings 

Grain  elevators  and  storehouses. 

Ice  houses 


717 

6185 

146  618 

4005 

603 

1214 

726 
1294 
4917 

524 

129 

463 

211 

181 

583 

37 

336 

784 

654 

873 

2800 

3296 


158 

756 

14  968 

258 
37 
67 

30 
49 
179 

19 

4 

14 

6 

5 

16 

1 

9 

20 

16 

21 

65 

76 


22.00 
12.20 
10.20 

6.40 
6.10 
5.50 

4.13 
3.80 
3.70 

3.60 
3.10 
3.00 
2.84 
2.80 
2.75 
2.70 
2.68 
2.55 
2.45 
2.40 
2.32 
2.30 


51 

747 

40  134 

845 

108 

50 

248 
330 
855 

90 

57 

166 

52 

56 

108 

15 

109 

195 

189 

226 

893 

447 


288 

1152 

37  029 

655 
143 
704 

130 
223 
390 

180 

8 

41 

27 

60 

87 

3 

22 

19 

22 

92 

676 

1886 


378 

4286 

69  455 

2505 
352 
460 

348 

741 
3672 

254 

64 

256 

132 

65 

388 

19 

205 

570 

443 

555 

1231 

963 


42.0 
17.6 
21.5 

10.3 
10.5 
14.5 

8.6 
6.6 
4.9 

7.5 
6.2 
5.5 
4.5 
7.7 
4.1 
5.3 
4.4 
3.5 
3.6 
3.8 
5.3 
7.9 


24  Data  taken  from  Chronicle  Fire  Tables,  1903:  Chronicle  Publishing  Co.,  New  York. 
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TABLE  8— Continued 
Relative  Liability  of  Different  Classes  of  Property  to  Fire  by  Lightning — Continued. 


Class  of  lisks 


Fires 
from  all 
causes 


Fires 
caused  by 
lightning 


Per  cent 

of  fires 

caused  by 

lightning 


Fires  of 
which  the 

causes 
were  un- 
known 
and  not 
reported 


Fires 

caused  by 

exposure 

to  other 

fires 

Fires, 
known 
causes 

aside 
from  ex- 
posure 

39 

1687 

85 

293 

29 

461 

116 

553 

36 

38 

713 

2616 

9 

129 

141 

335 

548 

612 

15 

69 

216 

727 

13 

156 

124 

649 

108  070 

264  604 

17 

120 

32 

296 

161 

129 

237 

609 

2110 

2634 

372 

1629 

126 

162 

63 

630 

31 

37 

Per  cent 
of  fires 

by  known 
causes 
which 
were 

caused  by 

lightning 


Cotton  goods  factories 

Warehouses  and  storehouses 
(hay) 

Paper  and  pulp  mills 

Cheese  and  butter  factories 

Warehouses  and  storehouses 
(wharf) 

Flour,  grist,  and  oatmeal  mills. . 

Worsted  and  yarn  mills 

Sash,  door,  and  blind  factories. . 

Halls  (public) 

Wooden  ware  factories 

Clubhouses 

Fertilizer  and  phosphate  works. 

Warehouses  and  storehouses 
(paint,  oils,  etc.) 

Dwellings  and  tenements 

Sugar  and  sirup  works 

Glassworks 

Warehouses  and  storehouses 
(tobacco) 

Greenhouses  and  floral  estab- 
lishments   

Livery,  training,  and  hotel 
stables 

Planing  and  molding  mills 

Tobacco  factories 

Woolen  mills 

Salt  works 


635 

789 
1218 

109 
5613 

183 

733 
1435 

141 
1222 

299 

1005 

460  395 

255 

511 

435 

1051 

7631 
2981 

455 
980 
100 


13 
15 
23 

2 
92 
3 

11 
21 

2 
17 

4 

13 

5921 

3 

6 


2.05 
1.90 
1.90 

1.80 
1.64 
1.64 
1.50 
1.46 
1.42 
1.39 
1.34 

1.30 
1.29 
1.20 
1.17 


1.13 
1.10 
1.10 
1.02 
1.00 


257 
299 
549 

35 
2285 

45 
257 
276 

57 
279 
130 

232 

87  721 

118 

183 

145 

205 

2617 
980 
167 
287 
32 


4.4 
3.2 
4.2 

5.3 
3.5 
2.3 
3.3 
3.4 
2.9 
2.3 
2.6 

2.0 
2.2 
2.5 
2.0 


2.0 

3.3 
2.0 
3.1 
1.6 
2.7 


With  regard  to  the  relation  between  cases  of  damage  by  fire 
caused  by  lightning  and  cases  of  damage  by  lightning  without 
fire,  for  given  classes  of  property,  the  data  given  in  Lightning 
Record  by  H.  F.  Kretzer,  of  St.  Louis,  a  publication  which  has 
previously  been  referred  to  in  this  paper,  are  about  all  that  are 
available.  These  data  consist  of  news  reports  on  but  two  classes 
of  property,  barns  and  houses,  but  enough  cases  are  given  to 
indicate  clearly  the  relationship.  A  discussion  of  these  data  is 
given  in  a  following  section. 
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1.  FIRE  HAZARD  TO  OIL  TANKS  AND  THEIR  PROTECTION 

Tanks  for  storing  crude  oil,  turpentine,  etc.,  present  a  very 
perplexing  problem  in  their  effective  protection  against  lightning , 
and  one  which  still  seems  very  far  from  a  definite  solution.  Cor- 
respondence with  the  Louisiana  Fire  Prevention  Bureau,  an  or- 
ganization representing  the  fire  insurance  companies  of  Louisiana, 
elicits  the  information  that  a  great  deal  of  experimental  work 
has  been  done,  but  no  system  of  protection  has  been  developed 
which  has  been  accepted  generally  by  oil  companies  as  giving  a 
degree  of  protection  at  all  commensurate  with  the  expense  in- 
volved. Two  years  ago  the  bureau  just  mentioned  made  an  in- 
quiry as  to  the  matter  of  protection  of  oil  tanks  against  lightning 
among  a  large  number  of  oil  companies.  A  summary  of  the 
reports,  and  conclusions  by  the  chief  electrical  inspector  of  the 
bureau,  has  been  submitted  to  the  Bureau  of  Standards  and  is 
as  follows: 

Hazards. — First.  It  is  agreed  by  practically  all  of  the  oil  companies  that  lightning 
is  the  principal  hazard,  and  the  only  one  of  any  consequence,  to  oil  tanks,  and  has 
been  the  cause  of  practically  all  of  the  fires  in  the  oil  fields.  Second.  We  have  from 
two  sources  the  opinion  that  tanks  are  most  frequently  struck  in  "tank  farms"  where 
a  number  of  tanks  are  comparatively  close  together.  Third.  From  the  Standard 
Oil  Co.  we  have  the  opinion  that  wooden  or  combustible  roofs  or  attachments  present 
a  greater  hazard  than  all-steel  tanks;  they  believe  that  safety  lies  in  well-made,  all- 
steel  tanks  without  leaks. 

Protection. — First.  Protection  for  oil  in  steel  tanks  is  generally  believed  to  be  of 
questionable  value,  certainly  not  commensurate  with  the  expense  involved,  and  it 
may  possibly  even  increase  the  hazard.  Second.  The  plan  of  protection  which  has 
been  tried  by  the  oil  companies  has  been  the  erection  of  steel  masts  where  tanks  are 
grouped.  Two  companies  have  concluded  that  this  form  of  protection  appears  to 
increase  the  lightning  hazard;  the  Standard  Oil  Co.  refers  to  an  experiment  near 
Philadelphia  where  steel  masts  were  tri^d  and  removed  after  one  season  owing  to 
the  firing  of  several  tanks.  No  further  tanks  have  fired  since  the  masts  have  been 
removed,  although  the  tanks  have  been  struck.  Third.  The  plan  of  protection  ad- 
vised by  the  bureau  has  been  used  on  comparatively  few  tanks  in  Louisiana,  not  over 
10  in  all.  None  of  this  number  seems  to  have  been  fired,  but  two  have  been  struck 
within  the  past  five  years,  and  in  these  cases  the  lightning  rods  successfully  performed 
their  functions.  However,  the  view  has  been  advanced  that  these  tanks  might  not 
have  been  struck  had  they  been  without  lightning  rods.  That  there  is  some  reason 
for  this  view  is  apparent  when  we  consider  that  two  tanks  of  this  small  number  were 
struck  in  this  period  of  five  years,  an  average  of  four  tanks  per  hundred  per  year, 
which  seems  to  be  high. 

Conclusions.— Considering  the  information  at  hand  and  the  opinion  of  those  best 
in  position  to  know,  I  must  conclude:  First.  No  form  of  lightning  protection  yet 
devised  is  known  to  lessen  the  lightning  hazard  to  oil  in  steel  tanks,  and  the  results 
of  such  experiments  as  have  been  made  along  this  line  are  not  conclusive.     Second. 
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From  the  owner's  viewpoint,  the  considerable  investment  necessitated  by  an  approved 
lightning-rod  equipment  can  not  be  justified  by  any  known  decrease  in  hazard. 
Third.  From  an  underwriting  standpoint,  the  protection  afforded  by  lightning  rods 
being  as  yet  only  theoretical,  very  little,  if  any,  credit  should  be  allowed  for  them. 
Notwithstanding  the  conclusion  reached  as  a  result  of  this  inquiry,  the  lightning 
losses  on  these  risks  have  been  so  heavy  during  the  past  two  years  that  we  are  now 
again  requesting  that  tanks  be  provided  with  lightning  rods,  installed  according  to  the 
suggestions  of  the  National  Board  of  Underwriters  and  our  special  requirements. 
We  feel,  in  view  of  the  very  serious  hazard  and  the  absence  of  any  recognized  safe- 
guards, that  our  theoretical  method  of  protection  is  better  than  none  at  all,  and  that 
we  are  justified  in  asking  for  its  use  until  it  is  proven  ineffective  or  something  known 
to  be  better  is  developed.  To  date,  all  of  the  losses  we  have  heard  of  in  Louisiana 
have  occurred  to  unprotected  tanks. 

A  description  of  the  system  of  protection  against  lightning  for 
oil  tanks,  which  was  just  mentioned,  is  included  in  Appendix  I. 
It  should,  perhaps,  be  mentioned  here  that  these  recommenda- 
tions appear  to  be  adequate  in  most  respects,  but  it  seems  that 
an  important  point  has  been  overlooked  in  that  no  mention  is 
made  of  the  necessity  for  secure  electrical  interconnection  of  all 
of  the  metallic  parts  of  the  tank.  If  the  tank  were  entirely  of 
metal,  with  all  parts  securely  riveted  together,  such  a  precaution 
might  not  be  necessary ;  but  in  the  event  of  a  lightning  stroke  on 
a  tank  with  a  metal  roof  and  wooden  rafters  held  together  with 
bolts  or  spikes,  or  with  other  detached  pieces  of  metal  used  in  its 
construction,  the  probability  of  sparks  between  the  metal  exterior 
and  isolated  pieces  of  metal  in  proximity  to  it  within  the  tank  is 
too  great  to  be  neglected.  Because  of  the  exceedingly  inflam- 
mable character  of  the  products  of  evaporation  from  crude  oil, 
the  smallest  spark  on  the  interior  of  the  tank  is  likely  to  start  a 
fire,  and  the  only  way  to  prevent  such  sparks  is  to  bridge  across 
every  gap  where  they  can  occur  with  an  electrical  conductor. 

It  might  also  be  mentioned  that  with  oil  tanks  of  the  usual 
diameter  (90  feet)  the  distances  between  aerial  terminals  would 
be  much  greater  than  is  ordinarily  allowed.  The  general  practice 
is  to  place  aerial  terminals  at  distances  of  not  more  than  25  feet 
along  ridges  and  parapets.  This  distance  has  been  proved  by 
experience  to  give  a  good  degree  of  safety.  In  the  case  of  aerial 
terminals  installed  according  to  the  recommendations  mentioned 
above  (see  Appendix  I)  it  is  readily  seen  that  they  may  be  as 
much  as  70  feet  apart  along  the  rim  of  the  tank  and  45  feet  apart 
from  rim  to  center. 
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2.  FIRE  HAZARD  FROM  LIGHTNING  IN  BARNS  AND  HOUSES 

An  examination  of  Table  8  shows  that  the  liability  of  barns  to 
fires  from  lightning,  as  compared  with  their  liability  to  fires  from 
other  causes,  far  exceeds  that  of  houses.  The  difference  shown  in 
Table  8,  however,  is  based  on  fires  in  both  urban  and  rural  dis- 
tricts and  for  this  reason  is  doubtless  greater  than  it  would  be  if 
equal  numbers  of  barns  and  houses  exposed  under  the  same  con- 
ditions were  taken  as  a  basis  of  comparison.  According  to  the 
Census  reports  for  19 10  there  are  17  805  845  dwellings  and  tene- 
ments in  the  United  States,  of  which  7  254  242  are  in  urban  areas, 
and  10  551  603  in  rural  districts.  No  data  are  given  on  the  dis- 
tribution of  barns,  but  it  seems  reasonable  to  assume  that  at  least 
0.9  of  them  are  situated  in  rural  districts.  Since  the  fire  hazard 
from  lightning  in  urban  areas  has  heretofore  been  shown  to  be 
very  small  as  compared  with  the  fire  hazards  from  other  causes, 
it  is  evident  that,  if  a  comparison  were  to  be  made  on  the  basis 
of  equal  numbers  of  barns  and  houses  exposed  under  the  same 
conditions,  the  difference  between  the  percentage  of  house  fires 
caused  by  lighting  and  the  percentage  of  barn  fires  from  the  same 
cause  would  be  appreciably  less  than  shown  in  Table  8. 

When  equal  numbers  of  barns  and  houses  are  struck  by  light- 
ning it  is  interesting  to  note  the  proportions  of  each  that  are  fired. 
Referring  again  to  H.  F.  Kretzer's  Lightning  Record,  it  is  found 
that  in  the  cases  of  200  barns  struck  by  lightning  the  news  reports 
show  that  87.5  per  cent  were  fired;  from  the  same  source  it  is 
found  that  in  the  cases  of  325  houses  struck  by  lightning  23  per 
cent  were  fired.  In  going  over  the  reports  to  obtain  these  data 
only  those  instances  were  chosen  wherein  it  could  positively  be 
told  that  fire  did  or  did  not  occur.  Cases  in  which  this  point  was 
not  set  forth  by  direct  statement,  or  could  not  readily  be  inferred, 
were  rejected.  It  thus  appears  that,  when  struck,  barns  are 
practically  four  times  as  liable  to  take  fire  as  houses.  This  is  due, 
of  course,  to  the  extremely  inflammable  nature  of  their  contents. 
In  this  connection  it  should  be  stated  that  of  the  525  cases  of 
buildings  reported  damaged  but  two  or  three  were  mentioned  as 
having  lightning  rods. 

There  are  no  data  available  which  show  definitely  whether  or  not 
barns  are  more  liable  to  lightning  stroke  than  houses.     There 
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seems  to  be  a  general  impression  existing  that  barns  as  a  refuge 
during  a  thunderstorm  are  not  as  safe  as  houses,  but  it  can  not  be 
shown  that  this  impression  is  founded  on  the  fact  of  the  compara- 
tive immunity  of  houses  to  lightning  strokes.  On  the  contrary, 
such  data  as  are  available  indicate  that  the  opposite  is  the  case. 
In  Lightning  Record  are  found  460  instances  of  houses  being  struck 
by  lightning,  whereas  only  200  barns  were  reported  as  having  been 
struck  during  the  same  time.  Assuming  that  in  the  region  covered 
there  were  twice  as  many  houses  as  barns,  there  is  still  latitude  for 
the  inference  that  of  equal  numbers  of  barns  and  houses  exposed 
under  the  same  conditions  as  many  houses  as  barns  would  receive 
strokes. 
3.  LIFE  HAZARD   IN  UNPROTECTED   HOUSES   STRUCK  BY  LIGHTNING 

The  460  houses  mentioned  above  as  being  struck  by  lightning 
were  occupied  at  the  time  by  families  of  which  the  average  number 
was  probably  close  to  that  shown  by  the  census  for  1910,  or  4.5 
persons.  In  254  cases  out  of  the  460  one  or  more  persons  were 
either  severely  injured  or  killed.  In  the  remaining  206  cases  all 
of  the  persons  in  the  houses  escaped  with  no  injuries  at  all,  or  with 
but  slight  shocks.  As  indicated  above,  but  two  or  three  of  these 
houses  were  reported  as  having  rods,  so  it  might  be  concluded  from 
these  figures  that  in  the  case  of  an  unrodded  house  being  struck 
the  chances  that  all  of  the  occupants  will  escape  harm  are  about  45 
out  of  each  100.  A  definite  statement  of  the  chances  of  deaths  and 
injuries  can  not  be  made,  however,  because  the  available  data  are 
not  complete  enough  as  to  the  number  of  persons  in  the  houses  and 
other  factors.  On  the  other  hand,  it  is  a  fact  of  common  observa- 
tion that  many  houses  are  damaged  in  a  minor  way  by  lightning 
and  no  reports  of  such  occurrences  reach  the  newspapers.  Only 
those  cases  in  which  the  damage  is  severe,  or  deaths  or  injuries 
result,  are  reported.  Moreover,  much  more  metal  is  now  used 
in  the  construction  of  houses  in  the  form  of  heating,  water  and  gas 
systems  than  formerly,  which  serves  to  a  certain  degree,  at  least, 
as  a  protection  against  lightning,  so  the  foregoing  conclusion  as  to 
the  chances  of  death  or  injury  in  unrodded  houses  struck  by  light- 
ning probably  puts  the  matter  far  too  strongly.  While  rodded 
houses  are  undoubtedly  the  safer,  there  is  ample  reason  to  believe 
that  persons  even  in  unprotected  houses  are  much  safer  than  out 
in  the  open,  or  under  trees  or  open  sheds. 
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VII.    MATERIALS    AND     CONSTRUCTION     OF    LIGHTNING 

RODS 

A  lightning  rod  generally  is  expected  to  remain  in  a  condition 
of  usefulness  for  a  great  many  years  with  practically  no  repairs  or 
or  attention.  To  most  owners  it  apparently  does  not  seem  to  be 
asking  too  much  to  require  that  a  lightning  rod  shall  maintain  its 
usefulness  unimpaired  as  long  as  the  average  building  lasts,  which 
may  be  40  or  50  years ;  hence,  the  first  and  most  important  property 
which  must  be  possessed  by  the  metal  of  which  a  lightning  rod  is 
made  is  resistance  to  corrosion,  both  by  the  atmosphere  and  by  the 
soil  in  which  the  lower  end  of  the  rod  is  usually  inserted  in  making 
the  earth  connection.  Moreover,  the  metal  must  be  mechanically 
strong,  and  must  admit  of  being  made  up  into  forms  which  are  of 
good  appearance,  because  lightning  rods  are  usually  more  or  less 
conspicuous.  Three  other  inherent  properties  of  the  metal  which 
must  be  considered,  but  none  of  which  in  the  metals  commercially 
available  at  present  for  lightning  rods  are  such  as  to  be  a  controlling 
factor  in  making  the  choice,  are  resistivity,  specific  heat,  and 
fusing  point.  The  metals  which  meet  the  foregoing  requirements 
in  greatest  degree,  or  can  be  so  manipulated  as  to  meet  them,  and 
at  the  same  time  are  not  excluded  from  consideration  because  of 
the  cost  of  the  raw  materials  and  manufacture,  are  copper,  alumi- 
num, and  iron.  The  data  contained  in  the  following  discussion  of 
the  properties  of  these  metals  were  obtained  from  the  Standard 
Handbook  for  Electrical  Engineers  (third  edition)  and  publica- 
tions of  the  Bureau  of  Standards. 

1.  PROPERTIES   OF   THE   METALS   AVAILABLE  FOR  LIGHTNING 

CONDUCTORS 

(A)  Copper. — Copper  is  the  most  important  material  available 
for  power  conductors  because  of  its  high  conductivity  and  com- 
parative cost.  It  can  be  cast,  forged,  rolled,  and  drawn.  The 
chemical  purity  and  mechanical  treatment  have  marked  effects 
upon  its  properties,  and  therefore  both  should  be  specified  and 
definite.  The  ultimate  resistance  to  rupture  varies  from  34  350 
to  67  000  pounds  per  square  inch  (2420  to  4725  kg  per  square 
centimeter)  and  the  elastic  limit  varies  from  7000  to  40  000 
pounds  per  square  inch  (493  to  2820  kg  per  square  centimeter). 
In  dry  air  copper  is  permanent  at  ordinary  temperatures,  but  in 
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moist  air  it  becomes  covered  with  a  thin  coating  of  basic  copper 
carbonate  which  protects  it  from  further  corrosion.  It  is  easily 
corroded  by  nitric  acid,  but  not  by  dilute  hydrochloric  acid. 
Sulphuric  acid  has  no  effect  on  it  at  ordinary  temperatures. 
Ammonia  and  oxygen  dissolve  it  to  form  blue  copper-oxide 
ammonia.  It  unites  directly  with  chlorin,  and,  when  heated, 
with  sulphur.  The  specific  gravity  of  copper  is  8.89;  its  electrical 
resistivity  at  200  C  is  1.72  x  io~6  ohm;  its  temperature  coefficient 
of  expansion  per  degree  C  from  o°  to  ioo°  is  1.67  X  io~5;  melting- 
point,  10830  C;  its  specific  heat  at  170  C  is  about  0.091,  at  ioo°  C 
0.095,  at  2°°°  C  0.096,  at  3000  C  0.098. 

(B)  Aluminum. — Aluminum  stands  next  to  copper  in  impor- 
tance as  a  conductor  of  electricity.  Like  copper  it  can  be  cast, 
forged,  rolled,  or  drawn.  By  forging  and  cold  rolling  it  can  be 
given  rigidity.  Its  properties  depend  greatly  upon  its  chemical 
composition  and  mechanical  treatment.  Mr.  Blackwell  found  in 
his  tests  that  the  average  ultimate  resistance  to  rupture  was 
24  000  pounds  per  square  inch  (818  kg  per  square  centimeter). 
The  temperature  coefficient  of  expansion  of  commercially  pure 
aluminum  at  400  C  is  2.31  X  io~5.  Aluminum  is  a  highly  electro- 
positive metal,  hence,  if  aluminum  is  used  in  making  a  lightning 
rod  all  of  the  parts  should  be  of  aluminum  in  order  to  avoid 
galvanic  action.  Aluminum  is  not  acted  upon  in  dry  air  at  ordi- 
nary temperatures,  and  the  corrosion  in  moist  air  is  by  the 
formation  of  the  oxide  of  aluminum — alumina,  a  harmless  oxide, 
which  forms  an  impenetrable  coating  on  the  metal  and  protects 
it  from  corrosion  to  a  considerable  extent.  Ammonia  solutions 
act  only  on  the  surface  of  aluminum,  forming  a  coating  which 
resists  corrosion  from  dilute  mineral  acids,  dilute  solutions  of 
organic  acids,  as  well  as  moist  and  dry  air.  Sulphurous  acid, 
such  as  is  contained  in  locomotive  flue  gases,  etc.,  will  have  no 
effect  on  aluminum.  Aluminum  is  extremely  sensitive,  however, 
to  the  action  of  alkalies.  Aluminum  can  be  soldered  with  proper 
fluxes,  and  fluxes  are  also  to  be  had  by  means  of  which  aluminum 
can  be  welded,  making  a  very  neat  joint,  although  very  good 
workmanship  is  required  to  insure  permanency.  The  specific 
gravity  of  aluminum  is  2.70;  its  electrical  resistivity  at  200  C  is 
2.83  Xio~6  ohm;  melting  point,  658. 70  C;  specific  heat  at  200  C 
0.21,  at  1000  C  0.22,  at  2000  C  0.23,  at  3000  C  0.24. 
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(C)  Iron. — Iron  occupies  an  unique  position  among  the  mate- 
rials for  electrical  construction,  being  by  far  the  best  magnetic 
substance.  In  connection  with  high-frequency  currents  at  low 
densities  this  magnetic  property  of  iron  is  of  great  importance  in 
that  the  relative  skin  effects  for  various  frequencies  are  much 
increased  over  those  for  copper  and  aluminum.  With  extremely 
high  current  densities,  however,  the  skin  effects  are  more  nearly 
the  same  in  the  three  metals.  The  magnetic  and  electric  proper- 
ties of  iron  vary  greatly  with  the  chemical  composition,  the  physi- 
cal condition,  the  temperature,  and  the  density  of  the  magnetic 
flux.  Pure  iron  at  ordinary  temperatures  has  a  resistivity  equal 
to  about  6  times  that  of  copper,  and  commercial  telegraph  wire 
has  a  resistivity  equal  to  about  7.5  times  that  of  copper.  The 
resistivity  of  ordinary  steel  wire  is  from  9  to  12  times  that  of 
copper.  Iron  has  to  be  galvanized  to  protect  it  from  oxidation. 
In  the  case  of  lightning  rods,  as  now  manufactured,  the  galvanizing 
is  so  thoroughly  done  that  rods  exposed  only  to  atmospheric  corro- 
sion will  last  practically  indefinitely.  If  brought  in  contact  with  a 
gas  or  a  chemical  which  acts  on  zinc,  however,  the  protection 
obtained  from  the  galvanizing  is  speedily  destroyed.  In  earth  the 
life  of  galvanized  rods  is  apt  to  be  rather  short  in  comparison  with 
the  time  of  life  ordinarily  expected  from  a  lightning  rod.  The  spe- 
cific gravity  of  iron  is  7.7 ;  its  electrical  resistivity  at  200  C  is  1  X  io-5; 
its  temperature  coefficient  of  expansion  per  degree  centigrade 
from  — 180  to  ioo°  C  is  1.14X10-5;  its  melting  point  is  about 
15300  C;  its  specific  heat  at  150  C  is  about  0.11;  at  ioo°  C,  0.11; 
at  2000  C,  0.12;  at  3000  C,  0.14;  at  5000  C,  0.18;  at  7000  C,  0.32; 
from  7200  to  10000  C,  0.22;  and  from  10000  to  12000  C,  0.20. 
The  tensile  strength  of  wrought  iron  varies  from  47  000  to  62  000 
pounds  per  square  inch  (3310  to  4370  kg  per  square  centimeter), 
depending  on  the  carbon  content  and  other  characteristics  of  the 
metal. 

The  foregoing  data  as  to  the  physical  properties  of  copper, 
aluminum,  and  iron  are  summarized  in  Table  9.  In  addition 
to  this  a  statement  may  be  made  as  to  the  relative  high- 
frequency  resistance  of  the  three  metals,  assuming  the  magnetic 
permeability  of  the  iron  to  be  2.5,  or  the  same  value  as  assumed 
heretofore  for  the  purpose  of  calculating  the  heating  effect  in 
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an  iron  rod  1.17  cm  in  diameter,  with  a  maximum  current  in 
the  lightning  stroke  of  25  000  amperes.  These  resistances  are 
to  each  other  approximately  as  1.3 1  :  1.68  :  5  (copper,  aluminum, 
iron  respectively)  for  rods  of  the  same  dimensions  and  at  the 
same  frequency.  These  numbers  are  derived  from  the  formula* 
R'  =  -^y^plixR  where  R'  is  the  high  frequency  resistance,  p  =  2ir 
times  the  frequency,  p.  the  magnetic  permeability  of  the  metal,  / 
the  length,  and  R  the  resistance  to  steady  currents.  For  frequen- 
cies of  the  order  of  100  000  cycles  per  second  this  formula  gives 
results  with  an  accuracy  of  about  2  per  cent;  as  the  frequency 
increases  the  accuracy  increases.  Moreover,  with  regard  to  the 
position  of  these  metals  in  the  electromotive  series  it  is  found  that 
unoxidized  aluminum  is  the  most  electro -positive  of  the  three, 
iron  next,  and  copper  last.  There  are  no  data  on  the  effect  of 
the  oxide  coating  on  aluminum  in  its  galvanic  relations  with 
other  metals.  From  these  data  may  be  obtained  a  knowledge 
of  the  relative  advantages  of  the  three  metals   as  materials  for 

lightning  rods. 

TABLE  9 

Statement  of  Physical  Properties  of  Metals  Available  for  Lightning  Conductors 


Copper 


Aluminum 


Specific  gravity 

Electrical  resistivity  at  20°  C,  in  ohms 

Temperature  coefficient  of  expansion,  in  degrees  centigrade  from 
0  to  100° ! 


Ultimate  resistance  to  rupture,  pounds  per  square  inch. 


Elastic  limit,  pounds  per  square  inch. 


Mean  melting  point 

Specific  heat  at  17°  C 

Specific  heat  at  100°  C 

Specific  heat  at  200°  C 

Specific  heat  at  300°  C 

Specific  heat  at  500°  C 

Specific  heat  at  700°  C 

Specific  heat  at  720-1000°  C. . 
Specific  heat  at  1000-1200°  C. 


1.72X10"* 
1.67X10-5 

34  000  to 
67  000 

7000  to 
40  000 

1083°  C 
0.092 
0.094 
0.096 
0.098 


2.70 
2.83X10"* 

(40°  C)  2.31X 

io"« 

24  000 


658. 7°  C 
0.21 
0.22 
0.23 
0.24 


7.7 
1.0X10"5 

1.14X10"* 

47  000  to 

62  000 

18  000  to 

55  000 

1530°  C 

0.11 

0.11 

0.12 

0.14 

0.18 

0.32 

0.22 

0.20 
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It  has  been  shown  heretofore  that  the  amount  of  energy 
actually  liberated  in  a  rod  in  the  form  of  heat  in  the  event  of 
its  being  struck  is  not  likely  to  be  great  enough  in  iron  or  copper 
rods  of  the  size  necessary  for  the  proper  strength  and  rigidity 
to  cause  fusing  of  the  rod  except  in  rare  instances.  The  specific 
heats  and  melting  points  of  the  metals  under  consideration  are, 
therefore,  not  of  paramount  importance,  except,  of  course,  in  so. 
far  as  the  place  where  the  discharge  enters  the  rod  is  concerned. 
This  applies  also  to*  aluminum,  although  to  a  much  less  degree 
than  to  copper  and  iron.  The  fusing  point  of  aluminum  is  about 
half  that  of  copper,  and  the  amount  of  heat  required  to  bring 
a  given  volume  of  aluminum  to  any  given  temperature  is  about 
0.7  that  for  copper.  The  mechanical  strengths  of  the  three 
metals  are  sufficient  to  meet  all  of  the  requirements;  rigidity  in 
copper  and  aluminum  can  be  obtained  by  proper  mechanical 
treatment.  In  the  matter  of  high-frequency  resistance  iron  has 
a  decided  advantage,  if  it  be  conceded  that  resistance  in  the  rod 
is  desirable  for  the  purpose  of  damping  out  high-frequency  oscil- 
lations, although  the  resistance  of  the  earth  connection  is  in 
most  cases  so  large  as  to  make  even  the  high-frequency  resistance 
of  an  iron  rod  very  small  by  comparison.  In  the  matter  of 
temperature  coefficients  of  expansion  the  advantage  is  again  on 
the  side  of  iron,  aluminum  being  decidedly  at  a  disadvantage. 
The  differences  in  cost  are  not  great  in  the  manufactured  arti- 
cles, the  comparatively  high  cost  of  aluminum  per  pound  being 
offset  by  its  low  specific  gravity,  and  the  comparatively  low  cost 
of  iron  per  pound  being  offset  by  the  cost  of  the  galvanizing 
and  other  preparation  required  to  protect  it  from  atmospheric 
corrosion.  The  greatest  advantage  is  undoubtedly  on  the  side 
of  the  metal  which  is  least  liable  to  corrosion,  and  for  all  condi- 
tions copper  is,  perhaps,  the  best  in  this  respect,  although  the 
other  two  may  serve  equally  well  unless  exposed  to  corrosive 
agencies  to  which  they  are  peculiarly  susceptible.  Underground, 
the  greatest  dependence  is  undoubtedly  to  be  placed  on  copper, 
but  even  copper  is  corroded  away  in  some  soils  at  a  surprisingly 
rapid  rate. 
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2.  MECHANICAL  CONSTRUCTION  OF  LIGHTNING  RODS 

After  securing  a  metal  of  the  requisite  strength  and  resistance 
to  atmospheric  and  soil  corrosion  the  next  most  important  con- 
sideration is  securing  good  mechanical  construction,  both  in  mak- 
ing up  the  parts  of  the  rod  itself  and  in  placing  it  on  the  building. 
Rods  are  subject  to  the  action  of  wind,  snow  and  ice,  thermal  ex- 
pansion and  contraction;  and,  in  the  event  of  a  stroke  of  lightning, 
to  electromagnetic  stresses;  hence  the  strains  tending  to  pull  joints 
apart  and  loosen  fastenings  are  very  severe,  and  inasmuch  as  a  rod 
is  expected  to  withstand  them  without  attention  for  many  years, 
unusual  precautions  are  necessary  to  guard  against  them  effectu- 
ally. In  the  following  discussion  some  points  which  must  be 
observed  in  the  mechanical  design  of  lightning  rods  are  brought  out, 
and  various  features  of  the  prevailing  practice  as  at  present  carried 
out  are  illustrated. 

(a)  Contact  of  metals  having  different  galvanic  pote7itials. — In 
the  mechanical  design  and  construction  of  lightning  rods  an  im- 
portant point  to  observe  is  that  metals  which  occupy  different 
positions  in  the  electromotive  series  should  not  be  placed  in  con- 
tact unless  provisions  are  made  to  protect  them  from  dampness, 
and  thus  prevent  electrolytic  corrosion.  Neglect  of  this  point  may 
cause  the  security  of  a  system  of  rods  to  be  seriously  impaired  with- 
in a  few  years  after  its  installation.  The  potentials  which  exist  be- 
tween some  of  the  metals  commonly  used  for  the  parts  of  lightning 
rods  are  as  follows:  Between  copper  and  zinc,  1.099  volts;  between 
copper  and  iron,  0.673  volt;  between  iron  and  zinc,  0.426  volt; 
between  copper  and  lead,  0.480  volt;  between  iron  and  lead,  0.193 
volt.  In  this  series  zinc  is  positive  to  copper,  iron  is  positive  to 
copper,  zinc  is  positive  to  iron,  lead  is  positive  to  copper,  and  iron 
is  positive  to  lead.  Contact  between  zinc  and  copper,  or  copper 
and  iron,  should  therefore  be  avoided,  because  the  zinc  and  iron 
will  speedily  be  destroyed.  In  the  case  of  contact  between  zinc 
and  iron,  the  zinc  will  be  destroyed;  this  is  often  noted  in  the  case 
of  galvanized  iron  where  the  galvanizing  becomes  impaired,  the 
zinc  rapidly  being  destroyed  and  exposing  the  iron  to  atmos- 
pheric corrosion.  Galvanizing  protects  iron  effectively,  however, 
as  long  as  the  coating  remains  intact.     Contact  between  iron  and 
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lead  will  cause  the  iron  to  be  corroded.  In  the  case  of  contact 
between  lead  and  copper,  electrolytic  corrosion  of  the  lead  may 
occur,  but  the  lead  soon  becomes  coated  with  a  layer  of  difficultly 
soluble  lead  compounds,  which  cause  the  lead  to  become  passive, 
after  which  the  two  metals  can  remain  in  contact  indefinitely  with 
no  further  electrolytic  corrosion  of  the  lead.  This  fact  is  of  great 
importance  where  it  is  found  necessary  to  protect  copper  rods 
from  corrosion  by  fumes  and  smoke  which  do  not  affect  lead. 

At  the  present  time  it  is  not  uncommon  to  see  copper-cable 
lightning  rods  held  to  wooden  walls  with  galvanized  iron  nails, 
or  with  copper  strap  fasteners  secured  with  these  nails.  Within 
a  year  or  two  the  heads  of  the  nails  corrode  away  and  allow  the 
cable  to  come  loose  from  the  building.  Other  combinations  of 
metals  which  produce  corrosion  by  electrolysis  when  damp  are 
often  seen. 

(b)  Joints  and  couplings  for  lightning  rods. — The  first  and  most 
important  requirement  which  must  be  met  by  joints  and  couplings 
in  lightning  rods  is  that  they  must  remain  in  secure  electrical  con- 
tact, and  not  easily  be  pulled  apart  or  loosened  by  vibration. 
The  severest  strains  to  which  joints  in  lightning  rods  are  subject 
are  set  up  by  electromagnetic  stresses,  thermal  expansion  and 
contraction,  and  by  accumulations  of  snow  and  ice  on  roofs.  That 
electromagnetic  stresses  may  be  especially  severe  is  evidenced  by 
the  fact  that  rods  when  struck  have  been  in  many  cases  torn  from 
buildings  and  thrown  considerable  distances.  The  same  phenome- 
non has  also  been  repeatedly  observed  under  short-circuit  condi- 
tions in  heavy-current  conductors  in  power  plants.  Aerial 
terminals  vibrating  in  the  wind  are  also  a  frequent  cause  of  loose 
joints  at  the  points  where  aerial  terminals  are  connected  to  hori- 
zontal conductors,  which  is  particularly  objectionable  because 
such  joints  are  called  upon  to  carry  the  full  current  of  a  lightning 
stroke.  Corrosion  may  also  produce  high-resistance  joints,  and 
such  joints  as  permit  of  the  formation  of  layers  of  oxides  between 
metallic  surfaces,  which  should  be  in  secure  electrical  contact, 
should  be  discarded.  It  is  true,  of  course,  that  lightning  will 
easily  pass  a  high-resistance  joint,  even  a  short  gap  in  a  conductor, 
but  it  is  not  wise  to  risk  the  introduction  of  too  much  resistance 
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at  one  place,  because  fusing  of  the  rod  may  occur  there  in  the  event 
of  its  being  struck,  with  an  accompanying  danger  of  fire,  even 
though  the  rod  prevents  the  stroke  from  penetrating  the  building. 
It  is  not  impossible  that  a  number  of  high-resistance  joints  in 
series  may  cause  fusing  of  an  entire  rod,  as  has  been  reported  in  a 
few  cases  of  tubular  copper  rods  which  were  struck. 

There  are  many  forms  of  joints  and  couplings  for  lightning  rods 
on  the  market  which  are  put  forward  for  the  consideration  of  the 
prospective  purchaser.  The  chief  object  in  the  use  of  these 
couplings  is  to  reduce  the  amount  of  labor  required  in  the  field 
for  the  erection  of  rods.  They  may  be  classified  roughly  into 
three  groups,  viz,  screw  joints,  clamp  joints,  and  reduced  end-and- 
dowel  joints.  These  three  types  of  joints  are  illustrated  in  Fig.  2, 
which  shows  a  number  of  samples  of  joints  which  were  submitted 
to  the  Bureau  of  Standards  by  manufacturers  of  lightning  rods. 
Fig.  2  also  shows  a  soldered  joint  in  a  cable,  and  a  form  of  woven 
joint  used  in  some  special  work. 

Screw  joints  when  well  made  are  undoubtedly  the  best  joints 
for  long  service  in  solid  or  tubular  rods.  They  maintain  good 
electrical  contact  and  apparently  are  not  loosened  by  vibration 
if  turned  up  tight  when  erected.  This  evidently  is  due  to  the 
fact  that  the  couplings  are  made  of  brass  or  bronze,  which  is  rather 
soft,  and  when  screwed  together  tight  takes  a  strong  grip  which 
is  not  readily  loosened.  These  joints  are  also  free  from  corrosion, 
the  brass  or  bronze  used  in  their  construction  being  similar  to 
that  used  in  valves  which,  when  used  in  contact  with  iron  in  the 
presence  of  moisture,  gives  no  trouble  from  corrosion.  In  put- 
ting up  rods  with  screw  joints,  the  lower  end  of  the  rod  being 
securely  fastened  at  the  earth  connection,  the  joints  can  not  be 
unscrewed  without  twisting  the  rod  itself.  At  the  right  in  Fig.  2 
are  shown  two  typical  screw  joints. 

Next  to  the  screw  joints  shown  in  Fig.  2  is  a  clamp  joint  com- 
monly used  for  the  purpose  of  making  connections  in  copper  cable. 
In  many  of  these  clamps  the  cable  is  held  by  one  small  screw,  in 
one  end  of  the  clamp  at  least,  and  they  are  open  to  the  objections 
not  only  that  the  cable  is  easily  pulled  out,  but  also  that  the  area 
of  contact  is  small  and  liable  to  corrosion,  which  may  increase 
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the  resistance  of  the  joint  appreciably  after  a  few  years  of  expos- 
ure to  the  weather.  Clamp  joints  made  by  inserting  the  end  of  the 
cable  into  a  malleable  copper  casting  and  pounding  or  pinching 
the  casting  until  it  grips  the  cable  are  open  to  practically  the 
same  objections  as  clamp  joints  with  screws.  All  of  these  clamp 
joints  are  open  to  the  still  more  serious  objection  that  they  give 
good  opportunities  for  careless  work  in  the  field. 

Joints  in  copper  cables  are  preferably  made  in  the  manner  shown 
at  the  left  in  Fig.  2,  which  shows  a  connection  of  a  branch  cable  to 
a  main  conductor,  the  branch  conductor  being  unraveled  about 
6  inches,  wrapped  neatly  around  the  main  cable,  and  soldered. 
In  some  cases  persons  who  erect  copper-cable  lightning  rods  and 
use  wrapped  joints  omit  the  soldering.  This  may  not  be  objec- 
tionable for  temporary  work  if  a  sufficient  length  of  unravelled 
cable  is  used,  but  for  work  which  is  intended  to  be  permanent 
soldering  is  necessary  to  give  assurance  of  security.  In  some 
cases,  for  special  work,  copper  cable  can  be  purchased  which  has 
the  necessary  branches  already  in  place  with  woven  joints. 

Reduced  end-and-dowel  joints,  which  are  used  only  in  tubular 
rods,  are  open  to  the  objection  that  there  may  be  an  occasional 
loose  one,  and  also  that  a  few  years  of  exposure  to  the  weather 
corrodes  the  contact  surfaces  seriously.  In  tubular  joints  as  ordi- 
narily erected  these  joints  occur  every  6  or  8  feet.  One  of  these 
joints  is  shown  in  Fig.  2,  next  to  the  screw  joints  on  the  right. 

(c)  Fasteners. — The  firmness  with  which  the  rod  is  attached  to 
the  building  goes  far  toward  determining  its  period  of  usefulness 
and  security.  There  are  many  types  of  fasteners  in  use,  varying 
from  galvanized-iron  nails  to  elaborate  brass  attachments  of  ex- 
pensive design.  Fig.  3  (see  illustration  facing  p.  89)  shows  a  num- 
ber of  types  of  fasteners  which  were  submitted  to  the  Bureau  of 
Standards  by  manufacturers  of  lightning  rods.  The  type  which 
undoubtedly  gives  the  greatest  security  and  strength  for  the  outlay 
required  consists  of  a  2 -inch  screw  with  a  hook  or  fork  attached, 
as  shown  in  Fig.  3 ,  which  can  be  closed  over  the  rod  to  form  an  eye  and 
holds  it  firmly  in  place.  For  brick  or  stone  walls  already  erected 
the  same  device  can  be  used  in  the  form  of  an  expansion  screw.  For 
brick  or  stone  walls  in  process  of  erection  hooks  or  forks  with 
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fan-shaped,  corrugated  shanks  are  available,  which  can  be  laid 
in  the  wall  as  it  is  put  up.  In  using  these  fasteners  they  should 
be  set  deep  enough  to  bring  the  rod  quite  close  to  the  surfaces 
of  walls  and  roofs  in  order  to  prevent  snow  and  ice  from  accumu- 
lating and  getting  a  sufficient  purchase  to  tear  the  rod  loose. 
Copper  strap  fastenings,  nails,  and  other  devices  commonly  sold 
are  very  insecure  at  best,  and  their  use  is  justified  only  on  tem- 
porary work  where  cheapness  is  the  chief  consideration.  In  this 
connection  it  should  be  emphasized  again,  as  has  already  been 
pointed  out  above,  that  metals  which  occupy  different  positions 
in  the  electromotive  series  should  not  generally  be  placed  in  con- 
tact because  of  the  possibility  of  electrolytic  corrosion;  this  is 
particularly  true  in  the  case  of  fasteners,  where  there  is  a  strong 
incentive  to  use  a  cheap  iron  attachment  to  hold  a  copper  cable 
in  place. 

(d)  Protection  from  Corrosion  by  Smoke  and  Gases. — In  exceptional 
instances,  as  on  smokestacks  and  in  various  other  places,  rods  are 
subjected  to  corrosive  agencies  which  may  damage  them  in  a  very 
short  time.  In  many  of  these  cases,  on  smokestacks  particularly, 
lead  has  been  found  to  be  an  effective  protective  coating  for  copper 
rods,  the  copper  being  found  quite  susceptible  to  the  corrosive  action 
of  coal  smoke,  while  lead  is  but  little  affected  by  it.  In  Fig.  4  is 
shown  an  aerial  terminal,  made  especially  for  use  on  smokestacks, 
which  has  been  covered  with  lead.  The  points  on  this  terminal 
have  been  platinized  sufficiently  to  prevent  corrosion  by  the 
smoke.  As  before  stated,  electrolytic  action  between  the  copper 
and  lead  would  not  occur  to  any  great  extent  because  of  the  for- 
mation of  difficultly  soluble  lead  compounds  on  the  surface  of  the 
lead  which  would  render  the  lead  passive.  This  combination  of 
metals  has  been  found  quite  satisfactory  for  use  in  the  protection 
of  smokestacks. 

It  is  recommended  by  some  authorities,  and  it  is  doubtless  a 
good  practice,  that  in  rodding  houses  the  aerial  terminals  at 
chimneys  be  bent  over  to  bring  the  point  directly  over  the  opening. 
In  this  case  protection  by  lead  would  be  very  desirable.  In  the 
contour  system  of  protection  against  lightning,  where  the  con- 
ductor is  taken  directly  across  the  opening  of  the  chimney,  pro- 
tection by  lead  would  also  be  very  desirable. 
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Fig.  4. — Lead-covered  aerial  terminal 
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(e)  The  Shape  of  the  Cross  Section  of  the  Rod. — In  direct  line  also 
with  the  mechanical  design  of  a  lightning  rod  is  the  shape  of  the 
cross  section  of  the  rod.  This  is  considered  in  some  quarters  as 
being  of  a  great  deal  of  importance  because  of  its  relation  to  the 
skin  effects  characteristic  of  the  passage  of  high-frequency  cur- 
rents through  a  conductor,  and  in  the  case  of  the  passage  of 
lightning  discharges  through  a  rod  the  skin  effects  are  doubtless 
of  considerable  moment.  There  are  two  views  as  to  the  manner 
in  which  these  skin  effects  should  be  provided  for,  one  of  which 
seems  to  be  held  quite  generally  by  manufacturers  of  lightning 
rods,  and  is  that  the  high-frequency  resistance  of  the  rods  should 
be  made  as  small  as  practicable.  To  do  this  economically  the 
rods  are  made  of  such  shape  that  they  have  a  large  surface  area 
in  proportion  to  cross-sectional  area  of  metal.  In  many  cases, 
however,  this  has  been  carried  to  such  an  extreme  as  seriously  to 
impair  the  mechanical  strength  of  the  rod  and  its  endurance  to 
corrosion,  and  the  resulting  short  life  of  the  rod  has  done  much  to 
cause  lightning  rods  to  be  regarded  in  many  quarters  as  a  poor 
investment.  On  the  other  hand,  if  the  view  of  Sir  Oliver  Lodge 
and  others  be  accepted,  it  is  desirable  to  provide  a  conductor  of  as 
high  resistance  as  possible  for  the  purpose  of  damping  out  electrical 
oscillations  without  risking  danger  of  fusing  when  the  rod  is  struck. 
According  to  this  view,  then,  a  solid  cylindrical  conductor  would 
be  the  most  desirable,  and  stranding  a  conductor,  or  otherwise 
providing  for  skin  effects,  would  be  of  negative  benefit.  Although, 
as  before  stated,  even  the  high-frequency  resistance  of  an  iron  rod 
may  be  small  in  comparison  with  the  resistance  of  earth  connec- 
tions, any  additional  resistance  in  the  rod  would,  of  course,  assist 
in  damping  out  any  oscillations  set  up  in  the  rod,  and  thus  be  of 
benefit  in  reducing  the  possible  rise  of  potential  of  the  rod  against 
earth. 

In  most  of  the  rods  sold  at  the  present  time  either  real  or  osten- 
sible provision  is  made  for  skin  effects  by  making  the  conductor 
in  the  shape  of  a  ribbon,  or  of  tubular  cross  section,  in  some  cases 
even  stranded  conductors  being  woven  in  flat  or  tubular  form. 
Stranding  a  conductor,  of  course,  decreases  its  high-frequency 
resistance  but  no  further  material  decrease  of  high-frequency 
resistance  is  obtained  by  weaving  the  strands  in  the  form  of  a  tube 
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or  ribbon,  the  chief  advantage  to  be  obtained  from  making  a 
stranded  rod  in  one  of  these  forms  being  a  decrease  of  its  self- 
inductance  over  what  it  would  be  if  the  metal  were  in  the  form  of 
a  solid  rod  or  tightly  twisted  cable.  This  is  an  advantage  of  much 
greater  moment  than  the  decrease  of  high-frequency  resistance, 
if  a  decrease  of  high-frequency  resistance  is  to  be  called  an  advan- 
tage, but  it  is  doubtful  if  the  decrease  of  self-inductance  obtained 
by  spreading  the  strands  out  into  the  form  of  a  ribbon,  or  expanding 
them  into  a  tube,  is  sufficient  to  offset  the  disadvantages  in  other 
directions,  such  as  decreased  mechanical  strength  and  increased 
exposure  of  surface  of  metal  to  corrosion.  The  inductance  of  the 
path  of  the  lightning  stroke  through  the  system  of  rods  to  earth 
can  undoubtedly  be  more  profitably  decreased,  and  can  be  made 
as  small  as  necessary,  by  offering  it  a  large  number  of  parallel 
paths  to  earth  at  a  distance  from  each  other.  This  can  be  accom- 
plished without  material  increase  of  cost  by  using  a  greater  number 
of  smaller  conductors  to  earth  than  is  usually  the  case. 

The  forms  of  rods  sold  at  the  present  time  include  several  types, 
mainly  star-section  iron  rod,  and  copper  cable  of  various  shapes 
of  cross  section.  In  Fig.  5  are  shown  several  samples  of  cable  and 
star-section  rods.  The  star-section  rod,  so  called  because  of  its 
cross  section  being  of  the  shape  of  a  four-pointed  star,  comes  in 
lengths  of  6  or  8  feet  with  screw  joints  of  brass  or  bronze.  It  is 
sold  in  two  principal  forms,  viz,  twisted  galvanized  iron  and 
twisted  galvanized  iron  with  a  copper  sheath.  The  copper  sheath 
is  put  on  before  the  rod  is  twisted;  in  some  cases  the  copper  is 
plated  on.  These  rods  are  very  serviceable,  although  there  is  no 
great  advantage  electrically  in  the  use  of  the  copper  sheath,  and 
if  the  sheath  is  not  waterproof,  water  may  enter  and  cause  corro- 
sion by  galvanic  action.  The  principal  advantages  claimed  for 
these  rods,  in  addition  to  those  already  enumerated  for  galvanized 
iron,  are  large  surface  area  in  proportion  to  volume  of  metal  to 
provide  for  skin  effects,  and  rigidity. 

Copper  cables  are  sold  in  forms  of  cross  section  ranging  from 
solid-twist  cables  of  standard  sizes  to  a  cable  consisting  of  28  No. 
14  wires  woven  into  a  hollow,  bas'ketlike  structure  five-eighths  of 
an  inch  in  diameter.  The  latter  conductor  is  the  most  extraor- 
dinary example  that  has  been  brought  to  the  attention  of  the 
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bureau.  In  all  of  these  copper-cable  conductors  woven  in  tubular 
form  the  amount  of  metallic  surface  exposed  to  corrosion  is  largely 
increased  over  that  of  a  tightly  twisted  cable  and  the  tendency  to 
sag  and  be  pulled  out  of  shape  is  enormously  increased.  Moreover, 
since  lightning-rod  cable  is  sold  by  the  foot  rather  than  by  weight, 
such  open  or  lattice  work  cables  represent  a  possibility  of  a  great 
saving  in  copper  to  the  manufacturer  in  comparison  with  what 
would  be  required  to  make  a  tightly  twisted  cable  of  comparable 
dimensions. 

It  therefore  seems  that  for  the  most  advantageous  system  of 
protection  against  lightning  the  choice  of  rods  lies  between  the 
iron  rod  as  usually  sold,  or  in  star-section  form,  and  tightly  twisted 
copper  cables,  most  of  the  advantages  claimed  for  unusual  forms 
of  cable  being  practically  nonexistent. 

VIII.  EARTH  CONNECTIONS  FOR  LIGHTNING  RODS 

The  earth  connection  constitutes  one  of  the  most  vital  parts  of 
a  lightning-rod  system.  The  most  important  requirements  which 
must  be  met  by  it  are  those  of  adequate  connection  to  permanent 
moisture,  and  permanency.  By  the  term  "permanent  moisture" 
is  meant  the  general  stratum  of  moist  earth  usually  found  at  some 
distance  below  the  surface  of  the  ground  which  remains  moist 
continually.  At  most  places  the  upper  surface  of  this  stratum  of 
moist  earth  is  a  few  feet  beneath  the  surface  of  the  ground,  but 
at  some  places  it  coincides  with  the  surface  of  the  ground  and  at 
others  it  is  only  found  at  great  depths.  In  most  localities  it  moves 
up  or  down  according  to  whether  the  season  is  wet  or  dry.  In 
making  an  earth  connection  for  a  lightning  rod  it  is  quite  essen- 
tial that  this  stratum  of  permanent  moisture  be  reached ;  connec- 
tion with  it  is  absolutely  necessary  to  satisfactory  results,  and  also 
seems  to  be  sufficient.  In  the  past,  earth  connections  have  been 
devised  which  were  intended  to  connect  both  with  surface  moist- 
ure, if  it  were  present,  and  with  permanent  moisture,  but  the 
experience  of  recent  years  has  shown  that  the  additional  elabora- 
tion at  the  surface  is  not  of  material  advantage.  It  should  be 
pointed  out  here  that  not  every  pool  of  water  is  connected  with 
permanent  moisture.  It  has  sometimes  been  taken  for  granted 
that  such  is  the  case,  and  instances  have  been  reported  where 
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pools  of  water  on  solid  rock  were  used  to  establish  earth  connec- 
tions. If  the  rock  were  granite,  or  some  other  nonporous  variety, 
the  resistance  of  such  an  earth  connection  might  easily  be  many 
thousands  of  ohms. 

Where  bedrock  is  at  a  distance  from  the  surface  of  the  earth  the 
stratum  of  permanent  moisture  is  most  likely  to  be  above  it,  and 
under  such  conditions  connection  to  permanent  moisture  is  com- 
paratively an  easy  matter.  Experience  has  shown  that  as  a  rule 
a  straight  rod  or  pipe  penetrating  the  earth  in  such  places  to  a  depth 
of  from  6  to  10  feet,  or  to  a  point  well  below  the  foundation  walls 
of  the  building  to  be  protected,  makes  a  very  satisfactory  earth 
connection  and  about  the  least  expensive  that  can  be  had.  In 
this  type  of  earth  terminal  there  are  no  metallic  joints  beneath  the 
surface  to  corrode  by  galvanic  action  and  give  trouble;  but  little 
excavation  is  necessary  to  attain  the  requisite  depth;  and  they  are 
easily  inspected  and  renewed.  Their  electrical  resistance  is  com- 
parable with  that  of  plates,  especially  plates  of  the  size  commonly 
used  as  earth  terminals  for  lightning  rods,  and  on  the  whole  they 
are  a  much  more  desirable  form  of  earth  connection.  In  view  of 
these  facts  it  seems  that  the  elaborate  "ground  cones"  and  other 
devices  intended  for  the  purpose  of  making  earth  connections  for 
lightning  rods  are  unnecessarily  expensive.  All  of  the  advantages 
claimed  for  them  can  be  obtained  with  rods  at  less  expense  and 
with  greater  assurance  of  permanency. 

In  this  connection  it  may  also  be  well  to  add  a  word  on  the  ques- 
tion of  the  so-called  "ground  point, "  which  is  a  device  consisting 
of  a  point  surrounded  by  a  tube  and  is  intended  to  be  attached  to 
the  lower  end  of  the  rod  forming  the  earth  connection,  the  idea 
being  that  it  will  facilitate  the  passage  of  the  electrical  discharge 
into  the  earth.  The  arguments  advanced  in  support  of  its  use  are 
similar  to  those  advanced  in  favor  of  points  for  aerial  terminals. 
That  these  arguments  do  not  apply  to  the  case  of  the  ground  point 
is  obvious,  however,  from  the  fact  that  the  aerial  point  acts  in  a 
gaseous  conductor  (air)  while  the  ground  point  is  supposed  to 
function  in  the  earth,  which  is  an  electrolytic  conductor.  In  air 
the  conduction  along  the  path  of  a  lightning  discharge  is  through 
an  ionized  gas,  and  as  points  in  this  case  facilitate  ionization  their 
use  seems  desirable,  but  in  an  electrolyte  a  point  serves  no  similar 
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purpose.  At  present  it  is  not  possible  to  say  that  a  ground  point 
is  of  no  use,  but  on  theoretical  grounds  it  is  highly  improbable 
that  it  adds  anything  to  the  efficiency  of  a  lightning-rod  system. 

When  bedrock  is  very  near  the  surface  of  the  earth  the  making 
of  an  adequate  connection  to  earth  is  more  difficult.  In  such  cases 
the  stratum  of  permanent  moisture  is  likely  to  be  beneath  the  stra- 
tum of  rock,  and  hence  not  easy  to  reach.  About  the  best  that 
can  be  done  under  these  conditions  is  to  make  an  earth  connection 
somewhat  similar  to  the  "capacity  ground"  used  in  wireless-tele- 
graph work.  This  can  best  be  done  by  digging  a  trench  where  each 
connection  is  to  be,  making  it  as  deep  as  the  rock  layer  will  allow, 
and  burying  in  it  a  strip  of  metal  such  as  No.  14  gauge  copper  or 
galvanized  iron  an  inch  or  so  wide.  The  strip  may  well  be  made 
continuous  around  the  building,  being  brought  near  to  the  surface 
of  the  ground  at  points  where  down  conductors  are  connected  to 
it.  From  the  strip  encircling  the  building  radial  strips  may  also 
be  laid  if  the  importance  of  the  structure  seems  sufficient  to  make 
it  desirable.  There  is  no  fixed  area  to  be  covered  by  such  a  net- 
work of  strips,  only  it  should  be  as  large  as  practicable,  the  larger 
the  better.  Such  earth  connections  have  been  found  more  or  less 
satisfactory,  although  they  are  doubtless  rather  an  inefficient  sub- 
stitute for  the  earth  connection  described  in  the  preceeding  para- 
graph. In  connecting  the  rod  to  the  strip,  care  has  to  be  exercised 
to  prevent  electrolytic  corrosion  immediately  around  the  connec- 
tion if  the  rod  and  strip  are  of  different  metals.  Soldered  connec- 
tions should  be  used  and  electrolytic  corrosion  can  be  prevented 
by  embedding  the  joint  in  dense  concrete  to  an  extent  sufficient 
to  include  the  surface  of  the  metal  immediately  surrounding  it. 

If  there  is  a  water-pipe  system  in  the  immediate  vicinity  of  the 
rod  a  connection  should  be  made  to  it  if  possible,  whether  rods 
or  metal  strips  are  used  to  form  the  earth  terminal.  This  is  a 
valuable  addition  to  the  system  of  earth  terminals  which  should 
not  be  overlooked.  Gas  pipes,  however,  should  be  avoided  if 
possible,  because  of  the  possibility  of  fires  or  explosions.  On  the 
other  hand,  if  gas  pipes  are  so  located  that  it  is  not  possible  to 
keep  at  a  distance  of  8  or  10  feet  from  them,  they  should  be  elec- 
trically connected  to  the  rod  at  several  points,  connected  to  earth 
within  the  building,  and  also  well  bonded  around  the  gas  meter. 
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The  lack  of  permanency  of  earth  connections  as  usually  installed 
is  the  cause  of  considerable  complaint.  The  practice  followed 
among  manufacturers  of  lightning  rods  in  making  earth  connec- 
tions of  the  rod  type  is  to  bore  a  small  hole  in  the  earth  to  a  con- 
venient depth  and  insert  a  length  of  the  rod.  The  part  of  the 
conductor  in  the  ground  is  thus  no  larger  in  diameter  than  that 
on  the  building,  and  it  is  doubtless  due  to  the  small  size  of  the 
part  of  the  conductor  under  ground  that  so  many  complaints  are 
heard  regarding  the  ease  with  which  the  connection  with  the 
earth  is  destroyed,  either  by  breaking  of  the  rod  or  by  corrosion. 
With  one  or  more  of  the  ground  connections  of  a  lightning-rod 
system  broken  the  effectiveness  of  the  system  becomes  very  much 
reduced;  hence,  it  seems  worth  while  to  incur  a  little  additional 
expense  to  insure  greater  permanency  in  this  respect,  and  at  the 
same  time  secure  a  decrease  in  resistance,  which,  although  small, 
is  of  material  advantage  in  most  cases.  The  additional  expense 
incurred  is  due  chiefly  to  the  increase  in  the  size  of  the  under- 
ground portion  of  the  rod  necessary  to  furnish  sufficient  mechanical 
strength  and  cross-sectional  area  of  metal  in  proportion  to  surface 
area  to  provide  for  corrosion,  and  to  the  connection  necessary 
between  the  rod  on  the  building  and  the  rod  in  the  earth.    - 

The  permanency  of  earth  connections  is  very  quickly  impaired 
by  corrosion  caused  by  seepage  from  barnyards  and  dumping 
places.  If  possible,  it  is  desirable  to  guard  against  contact  of 
earth  terminals  with  such  seepage,  either  by  drainage  or  other 
means.  In  the  event  of  corrosion  from  seepage  or  other  causes 
it  is  likely  to  be  the  most  severe  at  the  surface  of  the  ground. 
Much  can  be  done  to  prevent  such  corrosion  by  surrounding  the 
rod  at  this  point  with  concrete.  A  cylinder  of  dense  concrete  6  or 
8  inches  in  diameter,  extending  a  foot  or  so  beneath  the  surface 
of  the  ground  and  3  or  4  inches  above  the  joint  between  the 
ground  rod  and  the  rod  on  the  building,  will  serve  effectually  to 
prevent  corrosion  from  external  causes,  or  by  galvanic  action 
between  different  metals  composing  the  joint,  for  a  period  as  long 
as  is  likely  to  be  necessary.  The  concrete  will  serve  also  to  add 
very  materially  to  the  mechanical  strength  of  the  joint  and  assist 
in  pi  eventing  breakage. 
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1.  RESISTANCE  OF  EARTH  CONNECTIONS 

In  making  earth  connections  for  lightning  rods,  efforts  should 
in  general  be  directed  toward  obtaining  the  lowest  possible  resist- 
ance consistent  with  economy.  Inasmuch  as  the  lowest  re- 
sistance ordinarily  obtainable  is  not  less  than  several  ohms,  there 
is  no  possibility  of  obtaining  too  low  a  resistance.  A  considera- 
tion of  an  earth  connection  of  zero  resistance  will  show  that  the 
tendency  toward  damping  of  secondary  electrical  oscillations  set 
up  in  a  lightning-rod  system  of  very  small  resistance  by  a  primary 
discharge  of  steep-wave  front  would  be  very  slight,  and  as  a  con- 
sequence it  would  be  possible  for  high  potentials  to  be  set  up 
between  the  rod  and  objects  in  its  vicinity,  due  to  resonance,  but 
there  is  small  chance  in  practice  of  the  total  resistance  of  a 
lightning-rod  system,  including  the  earth  connection,  not  being 
sufficient  to  cause  rapid  damping  of  such  oscillations.  On  the 
other  hand,  great  care  should  be  taken  that  the  resistance  of  the 
earth  connection  be  not  too  high  on  account  of  voltage  drop, 
which,  as  heretofore  shown,  may  be  very  large.  With  a  lightning 
flash  having  a  maximum  current  of  25  000  amperes,  and  an  earth 
connection  of  15  ohms  resistance,  the  potential  drop  across  the 
earth  connection  would  be  about  375  000  volts.  Such  a  drop 
would  be  somewhat  excessive,  and,  where  possible,  the  resistance 
of  the  earth  connection  should  be  reduced  considerably  below  15 
ohms.  In  some  instances,  however,  resistances  below  15  ohms  can 
not  be  provided  without  going  to  excessive  expense,  and  it  is 
therefore  necessary  in  such  cases  to  exercise  extraordinary  care 
in  placing  rods  so  as  not  to  bring  them  into  too  close  proximity 
with  metallic  objects  to  which  they  are  not  connected. 

In  arranging  earth  connections,  to  obtain  the  lowest  possible 
resistance  consistent  with  economy  and  other  considerations, 
there  are  several  facts  of  which  knowledge  has  been  obtained 
from  experiments  and  calculation  which  should  be  kept  in  mind. 
One  of  these  is  that  the  resistance  of  an  earth  connection  is  due 
for  the  most  part  to  the  resistance  of  the  layers  of  earth  imme- 
diately surrounding  the  rod  or  plate;  hence,  increasing  the  diam- 
eter of  the  rod  does  not  decrease  the  resistance  of  the  earth  con- 
nection in  the  same  proportion.    It  has  been  found  that  for  a  rod 
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of  given  length  doubling  the  diameter,  and  consequently  the 
area,  reduces  the  resistance  from  6  to  12  per  cent.25  On  the  other 
hand,  the  combined  resistance  of  two  earth  connections  of  the 
same  size  made  with  rods  is  approximately  50  per  cent  of  one  of 
them  alone  if  they  are  6  feet  or  more  apart.  The  resistance  of  a 
number  of  such  earth  connections  in  parallel  is  approximately  in- 
versely as  the  number  of  grounds,  provided  they  are  6  feet  or  more 
apart  as  just  stated,  and  the  distance  between  them  increases  as 
the  number  of  earth  connections  increases.  Theoretically  the  par- 
allel resistance  of  a  number  of  grounds  would  be  exactly  inversely 
as  the  number  only  when  they  were  at  an  infinite  distance  apart, 
but  the  decrease  in  resistance  in  the  first  few  feet  as  the  rods  are 
moved  away  from  each  other  is  so  rapid  that  the  difference  between 
the  parallel  resistance  of  the  rods  at  an  infinite  distance  apart  and 
at  a  short  distance  apart  is  negligible  as  far  as  practical  purposes 
are  concerned.  The  variation  of  resistance  of  the  rod  type  of 
earth  connection  with  depth  follows  quite  closely  a  logarithmic 
law  after  a  depth  of  several  feet  has  been  attained.  For  practical 
purposes  the  law  of  variation  of  resistance  with  depth  may  be 
expressed  by  saying  that  increasing  the  depth  of  a  rod  from  5  to 
6  feet  decreases  the  resistance  one-sixth;  increasing  the  depth 
from  6  to  7  feet  decreases  the  resistance  one-seventh,  and  so  on. 

For  earth  connections  made  with  i-inch  pipe  driven  to  a  depth 
of  from  6  to  S  feet  in  normally  moist  earth  the  resistance  was 
found  by  Creighton  to  be  from  15  to  50  ohms  for  a  single  connec- 
tion, depending  on  the  condition  of  moisture.  Eight  ohms  is  an 
unusually  low  value  for  a  pipe  earth  of  the  kind  just  mentioned, 
and  if  the  earth  is  unusually  dry  the  resistance  may  be  several 
hundred  ohms.  It  is  the  practice  in  some  quarters  to  reduce  the 
resistance  of  earth  connections  by  mixing  salt  (NaCl)  with  the 
earth  which  immediately  surrounds  them.  This  reduces  the  spe- 
cific resistance  of  the  earth  and  serves  the  purpose  very  well  until 
the  salt  has  disappeared  by  diffusion  and  seepage.  This  practice 
is  not  to  be  recommended  in  connection  with  earth  terminals  for 
lightning  rods,  however,  because  of  the  tendency  to  corrode  the 

26  E.  E.  F.  Creighton,  The  Ground  Connection  in  Lightning  Protection  Systems;  Gen.  Eleot.  Review, 
v.  is,  pp.  12  and  66. 
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metal  if  the  rod  is  of  iron,  and,  what  is  more  important,  because 
such  a  reduction  of  resistance  is  temporary  and  as  a  result  of  the 
of  the  neglect  to  which  lightning  rods  are  subject  the  effects  of 
the  salt  probably  would  have  all  disappeared  at  the  time  they 
were  needed.  The  better  practice  is  to  increase  the  number  of 
earth  connections  until  the  desired  resistance  is  obtained  with 
normal  soil. 

The  resistance  of  an  earth  connection  varies  rapidly  with  the 
variation  in  the  moisture  content  of  the  earth  immediately  sur- 
rounding it.  Unless  this  earth  is  kept  uniformly  moist  there  can 
be  no  certainty  that  the  results  of  a  measurement  of  resistance 
made  at  one  time  will  correspond  in  any  way  with  one  made  at 
another  time.  For  this  reason  any  deductions  from  the  results 
of  resistance  measurements  of  earth  connections  should,  perhaps, 
be  confined  solely  to  judging  from  the  measurements  and  other 
conditions  whether  the  system  is  likely  to  be  satisfactory  or  not. 
That  is,  if  a  system  of  rods  is  installed  during  a  very  rainy  season, 
while  the  ground  is  wet,  a  sufficient  number  of  earth  connections 
should  be  installed  to  bring  the  resistance  of  the  system  against 
ground  to  1  or  2  ohms,  or  even  less,  provided  that  some  condition 
does  not  interfere  to  make  a  resistance  of  that  order  impractica- 
ble of  attainment.  If  the  ground  is  very  dry  a  much  higher  resist- 
ance, 15  or  20  ohms,  for  example,  may  be  considered  satisfactory. 
More  definite  figures  than  these  can  hardly  be  given  because  of 
the  widely  varying  conditions  encountered  at  different  places, 
but  where  practicable  there  should  be  a  reasonable  assurance  that 
during  an  ordinarily  dry  season  the  combined  resistance  of  the  earth 
connections  will  not  rise  much  above  15  or  20  ohms. 

2.  METHODS  OF  MEASURING  THE  RESISTANCE  OF  EARTH  CONNECTIONS 

Of  the  various  methods  in  use  for  measuring  the  resistance  of 
earth  connections  the  two  which  appear  the  simplest  and  most 
expedient  for  field  work  are  the  ammeter-voltmeter  method  and 
the  oscillating-current  Wheatstone  bridge  method.  For  the 
ammeter- voltmeter  method  there  is  required,  in  addition  to  elec- 
trical measuring  instruments  of  the  proper  range,  a  source  of 
power,  either  direct  current  at  100  volts  or  more  or  alternating 
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current  at  any  convenient  voltage.  If  direct  current  is  used  in 
the  ammeter-voltmeter  method,  the  counter  electromotive  force 
of  polarization  (i  or  2  volts)  is  sufficient  to  introduce  appreciable 
errors  at  low  voltages,  so  a  difference  of  potential  of  100  volts  or 
more  is  necessary  to  overcome  them  to  a  sufficient  extent  to 
make  them  negligible.  With  alternating  current,  polarization 
does  not  occur  to  an  appreciable  degree.  The  Wheatstone  bridge 
method  requires  a  bridge  of  portable  type,  a  telephone  receiver, 
a  small  transformer,  and  four  or  five  dry  cells  in  series  with  a 
4-ohm  buzzer  to  produce  an  oscillating  current.  The  bridge 
method  is  a  little  more  convenient  for  general  use  than  the 
ammeter- voltmeter  method,  even  where  power  is  available,  and 
where  power  is  not  available,  except  by  portable  generator  sets, 
etc.,  the  bridge  method  is  far  more  convenient.  The  bridge 
method  fails,  however,  where  there  are  alternating  currents 
flowing  in  the  earth,  because  of  noises  in  the  telephone  receiver. 
Both  methods  require  that  two  earth  connection  besides  the  one 
to  be  measured  be  available,  and  that  the  three  connections  be 
at  some  distance  from  each  other,  say  50  feet  or  more. 

The  measurements  and  calculations  are  as  follows:  Let  the 
resistances  of  the  three  earth  connections  be  designated  by  Rif 
R2,  and  R3;  let  the  measured  resistances  of  the  different  pairs  in 
series,  R1+R2,  R^Rs,  and  R2+R3,  be  A,  C,  and  B,  respectively. 
Then  Rt+R2  =  A,  R1+R3  =  C,  and  R2+R3  =  B.  If  Rt  is  the  com- 
bined  resistances   of   the   earth   terminals   of   the   lightning-rod 

<     •         ,    1                   •           •                A-B  +  C      _ 
system,  the  solution  of  these  equations  gives  Rt= .     In 

ri      A+B-C        ,  rt      B-A+C      T    +u  . 
the  same  way  R2  = >  and  R3  = In  this  manner 

approximate  results  are  obtained  which  are  sufficiently  accurate 
for  field  work.  As  just  remarked,  it  is  important  that  these  earth 
connections  be  at  some  distance  apart.  If  they  are  within  6  feet 
of  each  other  very  appreciable  errors  may  be  introduced  into  the 
calculations,  and  if  quite  close  the  equations  lead  to  absurd 
results  for  the  individual  resistances  when  the  results  of  the 
measurements  are  substituted  in  them.  At  50  feet,  however,  any 
errors  due  to  proximity  of  the  various  earth  connections  are 
entirely  negligible. 
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3.  MATERIALS  AND  CONSTRUCTION  OF  RODS  FOR  EARTH  TERMINALS 

In  selecting  materials  for  rods  for  making  the  rod  type  of  earth 
terminal  the  main  considerations  are  low  cost  and  great  resistance 
to  soil  corrosion.  Copper  and  cast-iron  undoubtedly  meet  these 
requirements  in  greater  degree  than  most  other  metals,  unless  it 
be'  aluminum.  Aluminum  has  not  been  thoroughly  tested  in 
soil,  however,  and  will  not  be  further  considered  here.  Cast-iron 
is  the  lowest  in  cost  and  resists  corrosion  by  ordinary  soils  very 
well,  the  corrosion  which  first  takes  place  forming  a  coating  of 
rust  and  graphite  on  its  surface  which  protects  it  to  a  marked 
degree  from  further  corrosion.  In  using  iron  it  is  important  that 
no  cinders,  coke,  or  other  materials  which  will  form  a  galvanic 
couple  with  the  iron  are  mixed  with  the  soil  which  comes  in  con- 
tact with  the  rod.  Seepage  of  various  kinds,  as  heretofore  men- 
tioned, are  also  to  be  avoided.  The  presence  of  these  materials 
will  cause  rapid  pitting  and  corrosion,  but  under  ordinarily 
favorable  conditions  cast-iron  pipe  has  been  known  to  resist  coil 
corrosion  successfully  for  from  50  to  70  years. 

If  no  extremely  unfavorable  conditions  exist  in  soil,  copper 
will  resist  corrosion  in  it  practically  indefinitely.  An  examination 
of  a  copper  lightning  rod  which  had  been  in  place  on  a  barn  18 
years  showed  that  no  appreciable  corrosion  had  taken  place  at  the 
surface  of  the  ground  where  such  corrosion  is  likely  to  be  the  most 
severe.  Seepage  from  barnyards,  however,  has  a  detrimental 
effect  on  copper  and  should  be  avoided.  Other  chemical  solutions 
in  soils,  as  heretofore  mentioned,  may  also  be  present  and  attack 
copper,  and  should  be  guarded  against. 

There  is  no  way  to  arrive  at  a  definite  size  of  rod  for  the  purpose 
of  making  earth  connections,  but  it  seems  that  a  three-fourths 
inch  copper  rod  or  heavy  tube,  or  a  1  .K-inch  cast-iron  rod,  would 
be  amply  large  for  the  purpose.  A  choice  between  the  two  metals 
would  depend  largely  upon  the  requirements  of  the  individual 
case.  The  copper,  of  course,  has  a  large  advantage  over  iron  in 
resistance  to  corrosion;  hence,  the  difference  in  size;  but  at  the 
same  time  the  iron  rod  would  have  a  slight  advantage  in  cost,  and 
also  the  advantage  of  6  to  12  per  cent  less  resistance  as  an  earth 
terminal  because  of  its  larger  size. 

40072°— 16 6 


82  Technologic  Papers  of  the  Bureau  of  Standards 

The  connection  of  the  rod  on  the  building  to  the  rod  in  the 
ground  can  be  made  in  a  number  of  ways.  If  the  ground  rod  is 
made  of  cast-iron,  the  top  of  the  rod  can  be  drilled  and  tapped  for  a 
brass  plug  to  which  the  copper  cable  can  be  soldered,  or  the  top 
of  the  ground  rod  can  be  drilled  to  a  depth  of  2  or  3  inches,  the 
end  of  the  cable  inserted,  and  the  hole  filled  with  melted  lead  and 
calked.  For  an  iron  star-section  rod  the  latter  method  will  be 
found  as  satisfactory  as  for  cable.  To  protect  the  connection 
from  corrosion  and  breakage  it  can  be  surrounded  by  concrete  as 
suggested  heretofore.  From  the  top  of  the  concrete  a  strong 
wooden  box,  fastened  securely  to  the  wall  of  the  building,  should 
surround  the  rod  for  a  distance  of  three  feet  or  more.  This  will 
protect  the  rod  from  damage.  An  examination  will  show  that 
practically  all  of  the  lightning  rods  which  have  been  in  service 
for  a  number  of  years,  and  are  not  so  protected,  have  at  some  time 
had  something  thrown  against  them  with  sufficient  force  to  cause 
serious  damage. 

In  boring  the  hole  in  the  earth  in  which  the  rod  is  to  be  inserted 
an  ordinary  soil  auger  can  be  used.  In  boring  the  hole  an  auger 
should  be  used  which  is  no  larger  than  the  rod.  It  is  preferable 
that  some  driving  be  necessary  to  get  the  rod  into  place.  The 
reason  for  this  is  that  if  the  hole  is  larger  than  the  rod  the  resist- 
ance will  be  found  to  be  very  high,  and  this  high  resistance  will 
be  retained  until  the  earth  has  had  time  to  settle  around  the  rod, 
which  may  be  several  months. 

IX.   AERIAL   TERMINALS   WITH   POINTS    FOR   LIGHTNING 

RODS 

At  the  present  time  the  use  of  aerial  terminals  with  points  for 
lightning  rods  is  quite  general  in  the  United  States  and  most  of 
Europe,  but  there  is  a  difference  of  opinions  as  to  whether  their 
use  is  necessary.  In  Austria,  and  also  in  other  countries  of 
Europe,  the  contour  system  of  lightning  rods,  as  heretofore 
described  in  this  paper,  is  in  successful  use,  and  in  it  aerial  termi- 
nals are  dispensed  with  entirely.  From  the  facts  reported  con- 
cerning the  use  of  the  contour  system  it  is  plain  that  the  use  of 
aerial  terminals  with  points  is  not  absolutely  necessary,  but  at 


Protection  Against  Lightning  83 

the  same  time  it  must  be  granted  that  certain  advantages  are 
obtained  in  their  use  which  outweigh  the  disadvantages;  and 
these  advantages  are  not  present  in  the  contour  system.  The 
chief  disadvantage  that  has  been  urged  against  the  use  of  aerial 
terminals  with  points  is  that  their  presence  increases,  to  a  certain 
extent  at  least,  the  probability  of  a  building  being  struck;  that 
is,  more  strokes  are  likely  to  fall  on  a  building  equipped  with 
rods  having  points  than  if  the  points  were  not  present.  There 
are  some  experimental  data  on  record  which  bear  out  this  state- 
ment,26 but  it  can  not  be  said  definitely  to  what  extent  it  may  be 
the  case.  Aside  from  these  data,  the  known  facts  concerning 
the  introduction  of  sharp  points  into  spark  gaps  used  in  the  lab- 
oratory also  point  to  the  same  conclusion.  It  is  well  known  that 
an  electrical  discharge  occurs  with  greater  ease  across  an  air  gap 
between  points  than  between  flat  plates  or  spherical  surfaces, 
and  the  same  is  doubless  the  case  with  lightning  flashes  between 
clouds  and  lightning  rods,  although  probably  to  a  mueh  less 
degree.  This  is  not  an  unmixed  evil,  however,  as  will  appear 
later  from  a  consideration  of  the  discharging  power  of  points  and 
the  tendency  of  electrical  discharges  to  follow  streams  of  ionized 
air  particles. 

Another  disadvantage  encountered  in  the  use  of  aerial  terminals 
is  found  in  the  difficulty  of  bracing  them  in  such  a  manner  that 
they  will  remain  permanently  erect.  As  now  installed  aerial  ter- 
minals seem  almost  invariably  to  fall  over  within  a  few  years, 
which  not  only  impairs  their  usefulness  seriously,  but  also  causes 
them  to  present  a  slovenly  appearance.  Nevertheless,  this  is  a 
mechanical  difficulty  which  can  be  overcome,  and  hence  is  not  of 
great  importance. 

One  of  the  several  advantages  obtained  in  the  use  of  points  is 
that  in  cases  where  the  accumulation  of  static  electricity  is  com- 
paratively slow  in  forming,  a  very  appreciable  quantity  may  be 
discharged  from  the  points  in  the  form  of  brush  discharge  before 
the  stroke  occurs,  enough  perhaps  to  considerably  reduce  the 
violence  of  the  stroke  if  not  to  prevent  it  entirely.     This  fact  was 

26  L.  A.  De  Blois,  Some  Investigations  of  Lightning  Protection  for  Buildings,  Proc.  A.  I.  E.  E.,  April, 
1914,  p.  563. 
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observed  by  Franklin,  and  the  circumstances  of  its  observation 
are  described  by  him  as  follows : 27 

In  Philadelphia  I  had  a  rod  fixed  to  the  top  of  my  chimney  and  extending  about 
9  feet  (2.74  m)  above  it.  From  the  foot  of  this  rod  a  wire  (the  thickness  of  a  goose 
quill)  came  through  a  covered  glass  tube  in  the  roof  and  down  through  the  well  of 
the  staircase;  the  lower  end  connected  with  the  iron  spear  of  a  pump.  On  the 
staircase  opposite  my  chamber  door  the  wire  was  divided;  the  ends  separated  about 
6  inches  (15.25  cm)  a  little  bell  on  each  end;  and  between  the  bells  a  little  brass 
ball  suspended  by  a  silk  thread,  to  play  between  and  strike  the  bells  when  clouds 
passed  with  electricity  in  them.  After  having  drawn  sparks  and  charged  bottles 
from  the  bell  of  the  upper  wire  I  was  one  night  awakened  by  loud  cracks  on  the 
staircase.  Starting  up  and  opening  the  door,  I  perceived  the  brass  ball,  instead  of 
vibrating  as  usual  between  the  bells,  was  repelled  and  kept  at  a  distance  from  both; 
while  the  fire  passed  sometimes  in  very  large  quick  cracks  from  bell  to  bell,  and 
sometimes  in  a  continued  dense  white  stream,  seemingly  as  large  as  my  finger; 
whereby  the  whole  staircase  was  enlightened  as  with  sunshine,  so  that  one  might 
see  to  pick  up  a  pin. 

Other  observers  have  noted,  even  greater  quantities  of  electricity 
being  discharged  from  the  points  of  lightning  rods.28  That  this 
discharge  is  not  enough  to  prevent  strokes  in  all  cases,  however, 
is  a  matter  of  common  knowledge,  and  is  especially  well  illus- 
trated by  the  record  of  the  Washington  Monument.  The  pro- 
tective system  of  the  Washington  Monument  is  of  particular 
interest  because  of  the  care  taken  in  making  the  installation  and 
also  because  of  the  large  number  of  points  used.  In  view  of  these 
facts,  and  also  for  the  reason  that  it  is  the  most  conspicuous 
example  of  its  kind  in  the  country  of  which  a  complete  record 
has  been  kept,  a  detailed  account,  in  the  form  of  extracts  of  the 
reports  of  engineer  officers  in  charge  of  public  buildings  and 
grounds  in  Washington  (1885  to  1912),  is  given,  as  follows: 

The  lightning  conductors,  as  established  for  the  Monument,  were  commenced  in 
January,  1880,  and  were  finished  in  January,  1885.  These  conductors  consist  of  the 
four  hollow  wrought-iron  Phoenix  columns  standing  in  the  well  of  the  shaft,  and 
which  support  the  elevator  machinery  and  guide  the  car.  These  columns  are 
6  inches  (1525  cm)  in  exterior  diameter,  five-eighths  of  an  inch  (1.59  cm)  in  thickness, 
and  are  made  up  of  sections  20  feet  (6.1  m)  in  length,  fastened  together  with  long 
inside  couplings,  which  fit  tightly  into  the  columns  and  are  fastened  to  them  by 
16  screw  bolts.  The  bottoms  of  these  four  columns  rest  upon  and  are  bolted  to  cast- 
iron  shoes,  which  in  turn  stand  upon  the  floor  of  the  large  drum  pit  beneath  the  floor 
of  the  Monument.  The  shoes  are  connected  to  three-quarter  inch  (1.92  cm)  soft 
copper  rods  led  to  the  bottom  of  a  well  in  the  center  of  the  foundation.     This  well 

27  Franklin's  Works,  vol.  II,  p.  203. 

28  See  Dr.  Priestly's  History  of  Electricity,  first  edition,  pi).  354  to  356. 
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is  32  feet  10  inches  (10.01  m)  in  depth  below  the  bottom  of  the  drum  pit  and  15  feet 
8  inches  (4.57  m)  below  the  bottom  of  the  masonry  foundation,  and  the  water  stands 
in  it  permanently  2  feet  8  inches  (86.5  cm)  above  its  bottom.  After  the  copper  rods 
were  inserted  the  well  was  filled  with  clean  sharp  sand  for  a  depth  of  15  feet  8  inches 
(4.57  m),  or  up  to  the  level  of  the  bottom  of  the  old  rubble-stone  foundation  of  the 
Monument.  These  four  columns  so  arranged  at  their  bases,  and  always  projecting 
above  the  top  of  the  shaft,  were  continually  lengthened  as  the  building  of  the  shaft 
progressed  and  for  the  five  summers  during  which  the  masonry  was  in  progress  acted 
as  the  lightning  conductors  of  the  edifice.  No  disruptive  discharge  of  electricity 
was  experienced  during  those  five  years. 

When  the  walls  were  completed,  in  December,  1885,  and  the  upper  extremities  of 
the  columns  were  covered  in  by  the  marble  pyramidion,  four  copper  rods,  three-quar- 
ters of  an  inch  (1.92  cm)  in  diameter,  were  run,  one  from  each  column,  to  the  topstone, 
and  there  united  in  a  \%  inch  (3.81  cm)  copper  rod,  which,  passing  vertically  through 
the  stone,  was  screwed  into  a  solid  metal  terminal  of  aluminum.  This  metal  was 
selected  for  the  terminal  because  of  its  whiteness,  and  the  probability  that  its  polished 
surfaces  would  not  tarnish  upon  exposure  to  the  air.  It  was  a  square  pyramid  in  shape, 
similar  to  the  pyramidion  of  the  obelisk,  and,  fitting  upon  the  topstone,  completed  the 
apex.  This  terminal  weighed  100  ounces  (2.84  kg)  and  was  slightly  over  8.9  inches 
(22.6  cm)  in  height,  and  5.6  inches  (14.32  cm)  in  width  at  the  base.  The  angle  at  the 
vertex  between  two  opposite  sides  was  about  340  48'. 

The  conductors,  as  above  described,  when  tested  gave  an  electrical  resistance  of 
one-tenth  of  an  ohm  from  the  tip  of  the  terminal  to  the  copper  rods  at  the  base,  and 
2-j%  ohms  for  the  ground  connections,  making  a  total  resistance  of  2^0  ohms  for  the  con- 
ductor.    The  system  was  entirely  completed  and  connected  on  January  20,  1S85. 

On  the  5th  of  April,  1885,  during  the  passage  of  a  heavy  thunder  cloud  over  the 
Monument,  at  least  five  immense  sparks  or  bolts  of  electrical  light  were  seen  within  a 
period  of  20  minutes  to  flash  between  the  terminal  and  the  cloud,  without  audible 
sound  to  the  observers.  A  careful  examination  of  the  conductors  and  shaft  after  these 
phenomena  failed  to  reveal  any  effects  from  these  discharges. 

On  the  8th  of  June,  however,  during  a  thunderstorm,  a  disruptive  discharge  was 
seen  to  pass  between  the  summit  of  the  pyramidion  and  the  cloud.  Upon  examining 
the  structure,  a  crack  was  discovered  in  the  stone  on  the  north  face  of  the  pyramidion 
just  under  the  topstone,  extending  through  the  block  in  a  line  nearly  parallel  to  the 
northeast  corner,  and  about  8^  inches  (21.6  cm)  from  it.  The  fragment  was  pressed 
outward  about  three-quarters  of  an  inch  (1.92  cm)  at  its  bottom,  chipping  a  small  piece 
off  the  lower  corner  of  the  topstone  into  which  it  was  locked,  and  was  easily  forced 
back  to  place,  and  bolted  to  the  solid  stone  from  which  it  had  been  torn. 

Under  the  circumstances  of  this  damage,  and  to  devise  if  possible  some  plan  by 
which  the  obelisk  could  be  more  effectually  protected  from  lightning,  Profs.  H.  A. 
Rowland,  of  the  Johns  Hopkins  University,  Simon  Newcomb,  of  the  United  States 
Navy,  and  T.  C.  Mendenhall,  of  the  United  States  Signal  Service,  were  invited  to  in- 
spect the  conductors  and  recommend  any  modifications  in  them,  which,  in  their 
judgment,  would  be  proper  for  the  end  required.  This  they  kindly  consented  to  do, 
and  after  a  careful  examination  recommended,  in  substance,  that  the  interior  con- 
ductors should  be  connected  with  a  system  of  rods  and  a  greater  number  of  points,  to 
be  located  upon  the  exterior  of  the  pyramidion.  The  additions,  as  devised  by  them, 
consistof  four  one-half  inch  (1.27  cm)  copper  rods,  fastened  by  a  band  to  the  aluminum 
terminal  and  led  down  the  corners  to  the  base  of  the  pyramidion;  thence,  passing 
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through  the  masonry,  they  extend  inward,  and  are  joined  to  the  iron  columns  above 
described.  As  these  exterior  rods  are  each  over  60  feet  (18.3  m)  long,  they  are  also 
connected  at  two  intermediate  points  of  their  lengths  with  the  iron  columns  by 
means  of  copper  rods  one-half  (1.27  cm)  and  three-quarters  of  an  inch  (1.92  cm)  in 
diameter,  respectively,  furnishing  16  rods  in  all  connecting  the  exterior  system  of 
conductors  with  the  interior  conducting  columns.  Where  the  exterior  rods  upon  the 
corners  cross  the  11  highest  horizontal  joints  of  the  masonry  of  the  pyramidion,  they 
are  connected  to  each  other  all  around  by  other  copper  rods  sunk  into  those  joints. 
All  of  these  exterior  rods,  couplings,  and  fittings  are  gold  plated,  and  are  studded  at 
every  5  feet  (1.525  m)  of  their  lengths  with  copper  points  3  inches  (7.56  cm)  in  length, 
gold  plated,  and  tipped  with  platinum.     There  are  200  of  these  points  in  all. 

June  27,  1892.  Monument  struck  by  lightning.  Current  followed  the  lightning 
conductors  and  wires  down  into  the  engine  room.  The  only  damage  done  was  the 
burning  out  of  two  electric  lamps.  Current  followed  Phoenix  columns  to  20  feet 
(6.1  m)  from  floor,  where  it  left  the  conductor  and  jumped,  in  the  form  of  a  ball  of  fire 
as  large  as  one's  fist,  to  an  iron  plate  in  the  floor  of  the  shaft.  It  then  jumped  to  the 
heater  pipe  adjacent  and  continued  to  the  engine  room  with  damage  as  above  men- 
tioned. The  machinery  was  charged  and  the  assistant  engineer,  in  the  act  of  opening 
a  valve  on  the  engine,  received  a  severe  shock,  but  sustained  no  injury.  Later,  on 
the  same  day,  the  performance  was  repeated  with  the  current  apparently  leaving  the 
columns  at  the  same  place  and  jumping  to  the  floor. 

Sept.  18,  1895.  During  a  violent  thunderstorm  there  was  a  magnificent  display  of 
lightning  at  the  apex  of  the  pyramidion.     No  damage  was  done  to  the  shaft. 

July  13,  1899.  During  an  electrical  storm  lightning  struck  the  Monument.  The 
fluid  followed  the  conducting  columns  in  the  interior  of  the  shaft  down  to  the  50-foot 
(15.25  m)  landing,  where  it  left  the  northwest  column,  struck  the  floor  plates  in  rear 
of  elevator,  and  exploded,  thence  into  the  engine  room  on  the  pipes  or  wires,  where 
the  only  damage  done  was  the  burning  out  of  the  magneto  coil  of  the  telephone, 
which  broke  the  connection  between  the  engine  room  and  boiler  house.  It  is  a  coin- 
cidence that  each  time  the  Monument  has  been  struck  by  lightning  the  fluid  has 
left  the  columns  about  the  same  place.  During  this  storm  the  lightning  also  went 
into  the  lodge  house  on  the  telephone  wires  and  burnt  out  the  magneto  coil  of  the 
telephone. 

May  3,  1900.  During  an  electrical  storm  a  man  who  was  standing  on  the  lower 
floor  of  the  monument  and  leaning  against  one  of  the  iron  columns  which  support 
the  stairways  received  a  heavy  shock  of  electricity  in  his  arm  and  shoulder  and 
two  men  who  were  looking  out  of  one  of  the  windows  at  the  top  at  the  same  time 
reported  that  the  flash  seemed  to  come  in  the  window  over  their  heads.  They  were 
blinded  for  a  moment.  No  damage  was  done.  The  iron  columns  referred  to  act  as 
lightning  conductors,  the  lightning  rods  on  the  outside  of  the  pyramidion  being 
connected  with  them  for  that  purpose. 

July  14,  1903.  The  Monument  was  struck  by  lightning.  No  damage  was  done 
to  the  Monument,  but  the  lightning  entered  the  motor  room  from  the  shaft,  burned 
the  insulation  from  the  telephone  wires,  jumped  to  the  switchboard,  burned  out  the 
underload  coil  for  the  I.  T.  E.  circuit  breaker  and  relay  coil,  thereby  stopping  the 
running  of  the  elevator  until  the  relay  coil  was  rewound.  Both  wattmeters  in  the 
dynamo  room  at  the  power  house  were  also  burned  out. 

April  27,  1904.  The  shaft  was  again  struck.  The  bolt  entered  at  the  top,  burned 
out  the  telephone  there,  then  passed  down  the  iron  columns  to  the  lower  floor  through 
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the  shaft  alley  to  the  motor  room,  where  it  burned  out  a  relay  coil  on  the  switchboard, 
thence  along  the  electric  cable  to  the  dynamo  room  in  the  power  house,  where  it 
entered  the  ground.  No  other  damage  than  that  reported  was  done.  Lightning 
arresters  were  at  once  placed  in  the  motor  room  at  the  Monument  to  protect  the  switch- 
board and  machinery  there,  and  to  protect  the  machinery  in  the  pit  and  on  the  bottom 
floor  of  the  shaft  a  one-half  inch  (1.27  cm)  copper  cable  was  connected  with  the  bottom 
of  one  of  the  iron  columns  in  the  drum  pit  and  grounded  to  the  water  pipe  in  the 
motor  room.  To  protect  the  switchboard  of  the  generating  plant  in  the  power  house 
a  No.  6  copper  wire  was  grounded  to  water  pipe  in  the  lower  engine  room,  and  when 
the  plant  is  not  in  operation  the  wire  is  connected  with  the  switchboard. 

June  30,  1904.  The  Monument  was  again  struck  by  lightning,  burning  out  the 
fuse  on  the  telephones  and  the  lamps  in  the  elevator  car.  No  damage  was  done  to 
the  machinery.  The  bolt  entered  at  the  top,  passed  down  the  shaft  to  the  motor 
room,  thence  through  the  cable  tunnel  to  the  engine  room  in  the  power  house,  passing 
off  to  ground  through  the  lightning  arresters  mentioned  in  the  preceding  paragraph. 

It  is  a  notable  fact  that  for  10  years  (1904  to  19 14)  there  is  no 
record  of  lightning  having  struck  the  Monument.  It  is  quite 
possible,  however,  that  it  may  have  been  struck  at  such  an  hour, 
and  with  so  little  damage  of  the  kind  just  described,  as  to  have 
escaped  notice. 

As  previously  indicated,  the  principal  conclusion  to  be  drawn 
from  the  records  of  the  performance  of  the  protective  system  of 
the  Monument  is  that  the  discharge  from  points  is  not  always 
sufficient  to  prevent  strokes  entirely.  Moreover,  if  this  is  the 
case  in  a  system  in  which  such  a  large  number  of  points  is  used, 
it  seems  as  if  it  would  be  the  case  to  a  still  greater  degree  in  a  sys- 
tem having  but  a  few  points.  Another  feature  of  the  performance 
of  this  protective  system  that  commands  interest  is  that  prior  to 
the  connection  of  the  columns  to  the  water-pipe  system  the  stroke 
almost  invariably  left  the  columns  near  the  bottom  and  jumped 
to  a  floor  plate.  A  possible  explanation  for  this  is  as  follows: 
From  the  description  just  given  it  is  seen  that  at  the  time  these 
phenomena  were  observed  the  actual  contact  of  the  rod  with 
permanent  moisture  took  place  at  a  distance  of  30  or  40  feet  below 
the  top  surface  of  the  stratum  of  permanently  moist  soil,  which, 
in  the  region  of  the  Monument,  is  near  the  surface  of  the  ground. 
From  this  point  of  contact  to  the  surface  of  the  ground  the  rod 
is  surrounded  with  sand  and  masonry,  both  of  which  are  of  high 
electrical  resistivity.  Now,  it  is  more  or  less  generally  agreed 
that  the  larger  part  at  least  of  earth  charges  in  lightning  phe- 
nomena reside  at  or  near  the  top  of  the  stratum  of  permanently 
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moist  earth,  and  if  this  is  the  case  it  is  not  unlikely  that  the  stroke 
would  leap  from  the  columns  near  the  surface  of  the  ground  to 
the  nearest  object  in  contact  with  this  stratum  in  preference  to 
traveling  the  entire  distance  to  the  bottom  of  the  well  and  thence 
back  to  the  surface  of  the  stratum  of  permanent  moisture.  This 
would  be  in  accord  with  the  well-known  performance  of  lightning 
in  turning  a  right  angle  in  a  conductor ;  it  almost  invariably  leaps 
across  through  air  several  inches  from  the  corner  in  preference  to 
following  the  conductor  over  a  path  a  little  longer  than  the  one 
through  air  which  it  picks  out  for  itself. 

A  second  advantage  to  be  found  in  the  use  of  aerial  terminals 
with  points  for  lightning  rods  is  the  directive  effect  which  the 
stream  of  ionized,  air  particles  passing  off  from  a  point  during  a 
discharge  of  static  electricity  may  have  upon  a  lightning  stroke. 
This  is  a  well-known  effect  observed  in  the  laboratory  in  the  case 
of  spark  gaps,  and  it  is  quite  conceivable  that  in  the  same  way  a 
flash  of  lightning  may  be  caused  to  follow  a  path  leading  to  a 
point  which  lies  at  a  considerable  distance  from  the  line  of  steepest 
potential  gradient  which  the  stroke  would  naturally  follow  if  the 
point  were  not  present.  In  this  way  a  point  may  establish  an 
area  of  protection;  that  is,  an  area  in  which  the  lightning  will 
strike  the  rod  in  preference  to  other  objects.  In  the  past  much 
has  been  said  concerning  this  area  of  protection,  and  attempts 
have  been  made  to  devise  more  or  less  empirical  formulae  by 
means  of  which  it  could  be  calculated.  The  impossibility  of  this 
is  evident,  however,  from  a  consideration  of  the  fact  that  it  will 
vary  between  wide  limits  with  the  topography  of  the  surface  sur- 
rounding the  rod,  with  the  velocity  of  the  wind  at  the  instant  of 
the  stroke,  and  with  many  other  factors  which  are  impossible  to 
include  in  a  study  of  each  individual  case,  to  say  nothing  of  an 
empirical  formula  intended  to  apply  to  all  cases.  The  failure  of 
these  formulae  to  apply  in  many  cases  has  caused  some  persons  to 
assert  that  there  is  no  area  of  protection  afforded  by  a  lightning 
rod.  This  assertion  does  not  seem  reasonable,  however,  unless 
it  be  in  the  case  of  the  B -flash  described  by  Sir  Oliver  Lodge,  in 
which  the  discharge  is  supposed  to  occur  so  suddenly  that  there 
is  no  time  for  preparation  of  the  path  by  ionization  and  brush 
discharge,  and  it  is  therefore  as  likely  to  strike  a  flat  surface  a  few 
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Fig.  6. — Points  for  lightning  rods 


Fig.  3. — Fasteners  for  rods 
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feet  from  a  rod  as  to  strike  the  rod  itself.  This  effect  is  pro- 
ducible in  the  laboratory  with  metallic  conductors,  but  there  is, 
however,  no  direct  evidence  that  it  occurs  in  nature  where  the 
clouds  and  the  earth  serve  as  conductors.  On  the  contrary,  the 
high  efficiency  of  lightning  rods,  as  observed  and  reported  in  all 
quarters,  point  to  the  conclusion  that  if  the  B-flash  does  occur, 
it  occurs  so  rarely  as  to  be  practically  negligible. 

A  third  advantage  derived  from  the  use  of  aerial  terminals  with 
points  is  that  they  serve  to  receive  the  stroke,  and  thus  fusing 
where  the  stroke  enters  the  rod  is  confined  to  a  place  where  it 
does  not  impair  the  continuity  of  the  conductor.  This  fusing  in 
some  cases  may  be  very  severe,  and  it  is  the  source  of  a  strong 
objection  to  the  contour  system,  in  which  the  conductors  may 
easily  be  fused  in  two  where  the  stroke  enters,  which  makes  imme- 
diate repairs  necessary  or,  if  repairs  are  neglected,  seriously  reduces 
the  effectiveness  of  the  system  for  future  service. 

1.  POINTS 

There  are  two  general  forms  of  points  which  are  being  put  out 
by  manufacturers  of  lightning  rods  at  the  present  time,  viz,  single 
points  and  multiple  points.  A  number  of  these  points  are  illus- 
trated in  Fig.  6.  The  single  points  can  be  divided  into  two  classes, 
i.  e.,  shell  points  and  solid  points.  The  shell  points  are  in  most 
cases  made  of  copper  in  the  form  of  a  hollow  cone  surmounting  a 
short  section  of  tube.  They  are  made  to  slip  on  over  a  length  of 
copper  tube  which  elevates  the  point  to  the  desired  height  above 
the  horizontal  conductor.  These  points  are  about  20  centimeters 
in  height  (7.88  inches)  and  weigh  from  45  to  55  grams  (0.099  to 
o.  1 2 1  pound) .  This  quantity  of  metal  does  not  seem  to  be  suffi- 
cient to  give  even  a  reasonable  assurance  that  they  will  not  fuse 
when  struck,  and  in  fact  when  they  are  struck  it  is  in  many  cases 
necessary  to  replace  them.  Fig.  7  shows  one  of  these  points  that 
has  been  struck  by  lightning.  The  specimen  on  the  right  shows 
the  form  of  the  point  before  it  was  srruck. 

.The  solid  points  are  of  better  construction,  containing  a  greater 
quantity  of  metal  and  are  used  mostly  in  connection  with  iron 
rods  having  screw  joints.  These  points  are  from  20  to  25  cm  in 
height  (7.88  to  9.85  inches)  and  weigh  from  100  to  200  grams 
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(0.22  to  0.44  pound).  Various  metals  and  alloys  of  metals  enter 
into  their  construction,  chiefly  copper  and  bronze,  although  nickel 
is  used  in  some  cases. 

The  multiple  points  are  generally  made  with  five  to  a  dozen  or 
more  small  points  arranged  about  a  common  center.  The  chief 
advantage  claimed  for  these  points  is  that  they  do  not  fuse  as 
readily  as  single  points  when  struck,  for  the  reason  that  there  are 
several  points  to  receive  the  discharge.  In  the  case  of  most  of 
the  manufacturers  of  rods  who  use  these  points  this  claim  is  sub- 
stantiated by  the  assertion  that  they  have  never  had  one  fused 
in  service.  To  leam  to  what  extent  this  statement  may  be  relied 
upon,  however,  would  require  further  investigation.  In  dis- 
charging static  electricity  it  is  obvious  that  multiple  points  would 
have  an  advantage  over  single  points,  although  the  individual 
points  are  too  close  together  in  most  cases  to  allow  the  quantity 
of  discharge  to  be  in  direct  proportion  to  their  number  as  com- 
pared with  the  discharge  from  a  single  point. 

Nearly  all  manufacturers  plate  the  points  which  they  make 

with  nickel  or  gold,  and  in  many  cases  platinize  the  tips.     The 

plating  is  intended  to  prevent  corrosion,  and  to  a  certain  degree 

is  beneficial  in  this  respect,  although  if  the  point  is  made  of  copper 

or  bronze  this  is  hardly  necessary.     Plating  with  gold,  even  though 

it  prevents  corrosion  admirably,  seems  to  be  a  needless  expense. 

Nickel  would  serve  as  well  and  is  much  cheaper.     Platinizing  the 

tips  is  done  for  the  ostensible  purpose  of  making  the  tip  more 

resistant  to  fusion,  but  to  secure  any  appreciable  benefits  in  this 

respect  from  the  use  of  platinum  tips  such  a  large  quantity  of 

platinum  would  have  to  be  used  that  the  expense  would  be 

prohibitive. 

2.  AERIAL  TERMINALS 

In  Fig.  8  is  shown  a  complete  aerial  terminal  which  represents, 
in  a  general  way,  the  form  and  construction  of  aerial  terminals  as 
they  are  at  present  installed  by  most  lightning-rod  companies. 
There  are  variations  from  this  general  form  for  various  purposes, 
but  the  type  shown  is  used  for  ridges,  parapets,  and  flat  spaces  by 
most  companies.  The  height  to  which  the  points  of  aerial  ter- 
minals should  be  elevated  above  the  object  to  be  protected  has 
long  been  a  matter  of  question.     The  modern  practice  is  to  use  a 
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FrG.  7. — Example  of  a  shell  point  and  tubular  elevation  rod  fused  by  a  lightning 

stroke 

(Specimen  submitted  to  the  Weather  Bureau  by  Mr.  West  Dodd,  of  Des  Moines,  Iowa.     Photo- 
graphed by  courtesy  of  Dr.  Humphreys,  of  the  Weather  Bureau) 
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Fig.  8. — Aerial  terminal 
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terminal  4  or  5  feet  (1.22  or  1.52  m)  in  height  on  flat  surfaces  and 
ranging  from  that  height  down  to  a  height  of  a  foot  or  so  (0.31  m) 
for  sharp  peaks,  according  to  the  ideas  of  the  person  who  makes 
the  rods.  On  chimneys  a  height  of  12  or  18  inches  (30.48  or  40.7 
cm)  above  the  top  of  the  chimney  is  usually  allowed.  It  is  obvious 
that  raising  the  point  of  an  aerial  terminal  to  a  great  height  above 
surrounding  projections  causes  it  to  predominate  over  them  and 
invite  a  stroke  to  itself  in  preference,  but  the  protective  effect  on 
surrounding  projections  of  a  lofty  terminal  has  been  found  to  be 
unreliable.  For  this  reason  points  are  placed  on  all  projections 
of  a  structure,  and  it  is  therefore  not  necessary  to  elevate  points 
more  than  a  short  distance  above  the  projections«they  are  intended 
to  protect.  For  sharp  peaks  a  terminal  a  foot  in  height  (30.48  cm) 
seems  sufficient.  For  flat  surfaces  and  along  ridges  a  greater 
height  is  desirable,  and  4  or  5  feet  (1.22  or  1.52  m)  has  proved 
satisfactory. 

The  subject  of  bracing  of  aerial  terminals  is  one  to  which  a 
great  deal  of  care  and  attention  should  be  given.  The  current 
practice  is  to  use  a  tripod  brace  of  galvanized  iron  similar  to 
the  one  shown  in  Fig.  8,  which  in  most  cases  is  fastened  to  the 
roof  with  nails.  These  braces  appear  to  be  easily  blown  over 
by  the  wind,  and  it  is  a  common  sight  to  see  them  lying  flat  on 
the  roof.  The  weakest  part  of  their  construction  is  undoubt- 
edly the  way  in  which  they  are  attached  to  the  roof;  nails  are 
soon  loosened  by  strain  and  vibration  caused  by  wind.  When 
the  rod  is  copper,  corrosion  of  the  iron  is  also  likely  to  occur. 
For  permanent  work  copper-clad  iron  or  steel  would  be  a  far 
preferable  material  for  braces  used  in  connection  with  copper 
rods.  With  galvanized-iron  rods  galvanized-iron  braces  would, 
of  course,  be  satisfactory.  In  fastening  braces  to  the  roof  expan- 
sion screws  or  bolts  should  be  used  instead  of  nails.  The  bolts 
are  preferable  for  wooden  roofs  and  should  be  long  enough  to 
pass  through  the  roof  and  be  provided  with  a  nut  and  washer 
on  the  inside;  when  they  are  screwed  up  they  should  be  upset 
with  a  riveting  hammer  to  a  sufficient  extent  to  prevent  the  nut 
from  coming  off.  The  material  of  which  the  bolt  is  made  should 
be  the  same  as  that  of  the  brace.  Expansion  screws  serve  very 
well  on  concrete  roofs  or  brick  parapets.     The  screws  should  be 
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of  the  same  material  as  the  brace  and  should  penetrate  the  con- 
crete or  masonry  to  a  depth  of  at  least  3  inches  (7.61  cm).  The 
whole  construction  of  the  brace  should  be  carried  out  with  a 
view  to  strength  and  rigidity,  and  when  this  is  done  an  aerial 
terminal  will  remain  upright  as  long  as  is  necessary. 

X.  ARRANGEMENT  OF  RODS  AND  AERIAL  TERMINALS 
ON  BUILDINGS,  AND  THE  INTERCONNECTION  OF 
METALLIC  MASSES 

As  a  subject  for  protection  against  lightning  almost  every 
building  presents  a  problem  which  is  peculiar  to  itself;  hence,  no 
general  rule  as  to  the  location  of  aerial  terminals  and  rods,  and 
the  interconnection  of  metallic  masses,  can  be  laid  down  which 
would  give  correct  results  in  all  cases.  On  the  contrary,  the 
distribution  about  a  building  of  rods  and  aerial  terminals  in  such 
a  way  as  to  secure  a  maximum  of  protection  without  going  to 
excessive  expense  is  largely  a  matter  of  judgment  based  on  avail- 
able knowledge  concerning  high-frequency  electrical  phenomena. 
At  the  same  time,  however,  there  are  certain  features  of  the 
practice  of  protection  against  lightning  concerning  the  location 
of  aerial  terminals  and  rods,  and  the  interconnection  of  metallic 
masses,  which  are  fairly  general  in  application,  and  which  expe- 
rience indicates  should  be  observed  wherever  possible.  Such, 
information  along  this  line  as  appears  available  has  been  collected 
and  is  summarized  below : 

1.  LOCATION  OF  AERIAL  TERMINALS 

In  view  of  the  fact  that  no  reliance  can  be  placed  on  an  "area 
of  protection,"  as  described  heretofore,  the  general  practice  in 
recent  years  has  been  to  place  aerial  terminals  at  all  chimneys, 
ventilators,  gables,  or  other  projections  which  present  a  peak  or 
corner  toward  which  a  stroke  of  lightning  might  be  directed. 
Along  straight  ridges  and  parapets  aerial  terminals  are  placed  at 
distances  apart  of  not  more  than  25  feet.  If  there  is  a  portion 
of  a  ridge  or  parapet  between  two  projections  which  is  more  than 
25  feet  in  length,  it  is  considered  good  practice  to  place  an  aerial 
terminal  in  the  middle  of  this  distance  even  though  it  exceeds 
the  limit  of  25  feet  by  but  a  few  feet.  There  seems  to  be  no 
fixed  rule  with  regard  to  flat  surfaces.     On  flat-roofed  buildings 
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lightning  strikes  in  most  cases,  if  at  all,  along  parapets  or  edges; 
consequently,  it  is  not  the  usual  practice  to  place  aerial  terminals 
on  such  surfaces  unless  there  are  projections,  such  as  ventilators, 
etc.  Nevertheless,  if  the  expanse  is  very  great,  even  though 
unbroken,  it  seems  advisable  to  give  it  a  certain  degree  of  pro- 
tection, at  least,  for  the  reason  that  flashes  of  lightning  are  some- 
times shifted  by  the  wind,  as  heretofore  shown,  and  may  strike 
a  flat  surface  as  well  as  a  ridge  or  a  parapet.  In  such  a  case 
aerial  terminals  might  be  placed  at  the  intersections  of  lines  drawn 
at  right  angles  to  each  other  and  laying  off  squares  of  50  feet 
on  a  side,  or  even  in  closer  arrangement  if  need  be. 

Metal  roofs,  as  a  rule,  are  provided  with  aerial  terminals  in  the 
same  manner  as  other  roofs,  but  the  roof  serves  as  the  conductor 
instead  of  rods,  the  aerial  terminal  being  put  in  electrical  con- 
nection with  the  roof  and  the  roof  connected  to  earth.  It  might 
seem  that  connecting  the  roof  to  earth  would  be  sufficient,  but  the 
use  of  aerial  terminals  makes  a  provision  for  the  reception  of  the 
discharge  in  such  a  way  as  not  to  injure  the  roof,  and  at  the  same 
time  assures  some  other  advantages  as  described  heretofore. 

In  most  of  the  protective  systems  designed  for  smokestacks, 
which  are  built  of  material  other  than  metal,  aerial  terminals  are 
placed  about  the  rim  of  the  stack  at  intervals  of  from  6  to  10  feet. 
In  the  best  installations  these  terminals  are  lead  covered  and  vary 
in  height  from  2  to  5  feet,  but  it  seems  that  terminals  of  the 
greater  height  would  be  preferable  because  of  the  fact  that  they 
must  divert  the  discharge  from  the  smoke  column  to  themselves. 
In  some  cases  the  foregoing  procedure  in  regard  to  stacks  is  de- 
parted from  and  an  aerial  terminal  is  formed  by  placing  a  hemi- 
spherical or  conical-shaped  cage  of  lead-covered  metal  over  the 
entire  top  of  the  stack.  Although  far  more  expensive,  for  large 
stacks  the  latter  form  of  terminal  is  doubtless  preferable  for  the 
reason  that  lightning  strokes  exhibit  a  strong  tendency  toward 
following  streams  of  smoke,  and  in  that  way  might  miss  entirely 
a  ring  of  aerial  terminals  of  the  ordinary  type  placed  at  the  rim  of 
the  stack.  Moreover,  in  view  of  the  financial  consequences  which, 
as  a  rule,  are  attendant  upon  the  destruction  of  a  stack  it  seems 
justifiable  to  go  to  a  considerable  expense  to  avoid  it  as  far  as 
possible. 
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2.  LOCATION  OF  RODS 

In  the  cases  of  roofs  other  than  metal,  when  the  location  of  the 
aerial  terminals  has  been  decided  upon,  rods  should  be  run  along 
ridges,  parapets,  and  over  flat  surfaces  if  need  be,  in  such  a  way  as 
to  connect  each  terminal  to  all  the  rest,  with  cross  connections  at 
advantageous  points  to  make  as  complete  a  network  as  possible 
consistent  with  economical  use  of  material.  Down  conductors 
should  then  be  run  in  such  a  way  that  a  stroke  on  any  terminal  will 
have  at  least  two  parallel  paths  from  the  foot  of  the  terminal  to 
earth.  One  path  from  a  terminal  to  earth  has  been  found  to  be 
unsafe,  and  more  than  two  is  preferable.  The  reason  for  this  is 
found  in  the  fact  that  the  greater  the  number  of  widely  separated 
paths  to  earth  the  less  the  inductance  and  the  greater  the  capacity, 
and  consequently  the  less  the  danger  of  oscillations  in  the  light- 
ning rod  system;  also  the  smaller  the  potential  drop  in  rods  and 
over  grounds  which  lessens  static  inductive  effects.  It  is  very 
important  that  sharp  turns  in  conductors  be  avoided;  all  corners 
should  be  rounded  in  a  curve  of  at  least  i  -foot  radius.  The  same 
rules  hold  for  smokestacks,  steeples,  etc.,  i.  e.,  two  or  more  down 
conductors  should  be  run  along  routes  as  widely  separated  from 
each  other  as  possible,  and  around  the  top  of  the  structure  a 
heavy  conductor  should  form  a  ring  connecting  all  of  the  terminals 
together.  In  some  cases,  if  the  height  of  the  structure  is  very 
great,  the  down  conductors  are  connected  together  at  intervals  by 
encircling  the  structure  with  a  ring  similar  to  the  one  at  the  top. 

3.  INTERCONNECTION  OF  METALLIC  MASSES 

In  the  most  approved  modern  installations  of  lightning  rods  all 
external  metallic  masses  on  a  building  are  made  a  part  of  the 
protective  system.  It  should  be  stated,  however,  that  they  are 
not  to  be  considered  as  a  substitute  for  a  portion  of  the  rods,  but 
as  an  addition  to  them.  On  houses,  for  example,  the  valleys  are 
connected  by  a  stout  wire  to  the  rod  nearest  their  upper  ends, 
using  soldered  connections.  The  valleys  are  soldered  to  gutters, 
gutters  to  down  spouts,  and  down  spouts  thoroughly  earthed. 
Extended  metal  porch  roofs  or  ornaments  are  connected  to  the 
nearest  rod  at  one  end  and  earthed  at  the  other  end.  On  barns, 
where  rods  cross  metallic  gutters,  the  rods  and  gutters  are  elec- 
trically connected  and  the  down  spouts  earthed  in  the  same  man- 
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ner  as  in  the  case  of  houses.  The  same  procedure  is  followed  in 
the  case  of  any  extended  piece  of  metal  on  the  exterior  of  a  build- 
ing. Small  detached  pieces  of  metal,  however,  do  not  need  to  be 
considered.  It  should,  perhaps,  be  stated  here  that  it  is  prefer- 
able to  use  rods  and  external  metallic  ornaments  and  roofs  of  the 
same  kind  of  metal,  as  the  danger  of  electrolytic  corrosion  at 
points  of  connection  is  in  that  way  eliminated. 

A  pipe  or  other  extended  metallic  object  which  comes  near  to 
or  projects  from  the  roof  of  a  building  and  passes  vertically  partly 
or  wholly  through  the  building  itself  should  be  connected  to  the 
rod  nearest  its  upper  end  and  the  lower  end  earthed,  the  whole 
length  being  made  electrically  continuous.  Any  pipe,  or  other 
extended  piece  of  metal  within  the  building,  which  passes  parallel 
to  a  rod  for  a  considerable  distance,  and  is  not  at  a  sufficient  dis- 
tance from  the  rod  at  all  points  to  eliminate  the  possibility  of 
sparks,  say,  from  8  to  10  feet,  should  be  connected  to  the  rod  at 
one  end  and  earthed  at  the  other,  even  though  there  is  a  thick 
wall  between  the  rod  and  the  metal.  Examples  of  such  metallic 
masses  are  soil  pipes,  water  tanks  in  attics,  etc.,  including  iron 
tracks  in  the  roofs  of  barns,  and  windmills  on  barns  which  have 
iron  pump  rods  extending  to  the  lower  floor. 

In  the  case  of  earthed  metallic  masses  on  the  interior  of  a 
building  which  are  not  of  an  extended  form  they  can,  in  general, 
be  left  disconnected  from  the  rods,  provided  the  distance  between 
rods  and  metal  is  6  feet  or  more.  There  is  no  fixed  limit  of  dis- 
tance in  this  respect,  but  6  feet  seems  ample  for  safety  in  buildings 
which  are  not  extraordinarily  liable  to  fires  and  explosions  from 
small  sparks,  such  as  may  be  the  case  in  oil  tanks  and  powder 
magazines.  It  seems  to  be  generally  regarded  as  safest  to  elec- 
trically interconnect  and  earth  all  metallic  masses  on  the  interior 
of  a  building,  provided  they  are  not  of  such  character  as  to  require 
that  they  be  connected  to  the  rods  in  the  manner  just  described. 

With  regard  to  steel-frame  buildings,  the  experience  up  to  the 
present  time  has  been  that  they  are  not  affected  to  any  great 
degree  by  lightning  and  consequently  no  attention  has  been  given 
to  their  protection.  In  some  quarters  it  is  recommended,  how- 
ever, that  pains  be  taken  to  see  that  the  frame  is  properly  earthed 
and  provided  with  aerial  terminals  to  receive  discharges,  but  no 
direct  evidence  is  at  hand  to  show  that  this  is  necessary. 
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XI.  QUESTION  OF  COST 

In  discussing  the  question  of  whether  an  investment  in  light- 
ning rods  will  pay,  the  subject  must  be  considered  under  two  heads : 
(a)  Those  cases  where  a  risk  to  human  life  is  involved,  and  (b)  those 
cases  where  a  risk  only  to  property  is  concerned.  In  a  preceding 
part  of  this  paper  it  has  been  shown  that  in  regions  where  thun- 
derstorms are  frequent  and  violent  the  risk  to  human  life  is  a 
matter  which  merits  serious  consideration.  For  the  reason  that 
the  value  of  a  human  life  can  not  be  estimated  in  terms  of  dollars 
and  cents  it  seems  that,  regardless  of  cost  and  in  order  to  make 
the  risk  as  small  as  possible,  lightning  rods  ought  to  be  installed 
in  the  most  approved  manner  on  all  dwelling  houses  and  other 
buildings  which  are  much  frequented  by  human  beings  during 
thunderstorms.  ,  As  a  matter  of  fact,  however,  a  lack  of  protec- 
tion is  not  excusable  on  the  score  of  expense  except  in  rare  cases, 
because  the  cost  of  installation  and  maintenance  of  a  system  of 
rods  suited  to  the  average  dwelling  is  insignificant  in  comparison 
with  the  possible  consequences  in  the  way  of  deaths  or  injuries  in 
the  event  of  a  stroke  on  an  unprotected  house.  Moreover,  in 
view  of  the  high  degree  of  protection  which  seems  to  be  obtainable 
with  a  modern  system  the  expense  will  doubtless  be  more  than 
repaid  in  a  sense  of  security  from  lightning,  especially  in  cases  of 
persons  who  stand  in  great  fear  of  thunderstorms.  In  fact,  in  the 
case  of  dwelling  houses,  the  greatest  portion  of  the  return  on  the 
investment  is  doubtless  to  be  expected  in  this  wTay,  because  the 
property  risk  from  fire  by  lightning  is  not  great  if  ordinary  pre- 
cautions are  observed  in  regard  to  the  storage  of  inflammable  sub- 
stances, and  in  most  cases  insurance  companies  will  assume  all 
risk  from  damage  to  unprotected  dwelling  houses  by  lightning  for 
but  a  very  small  premium. 

With  regard  to  cases  where  only  property  is  at  risk,  it  can  be 
shown  that  the  total  loss  caused  by  lightning  is  not  sufficient  to 
justify  universal  protection  on  that  score  alone.  Thus,  the  total 
loss  caused  by  lightning  has  been  shown  £0  be  about  $8  000  000 
or  $10  000  000  per  year.  The  census  tables  show  that  there  are 
about  10  000  000  rural  dwellings  in  the  United  States;  that  is, 
dwellings  in  towns  and  villages  having  2500  inhabitants  or  less 
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and  in  country  places.  It  is  in  these  regions  that  practically  all 
of  the  property  loss  by  lightning  occurs,  and,  counting  buildings 
of  all  kinds,  it  may  therefore  be  roughly  estimated  that  the  total 
number  of  buildings  exposed  to  lightning  is  20  000  000.  The 
cost  of  installing  rods  would  range  from  $20  to  $100  apiece,  or  an 
average  of  $60.  To  rod  the  entire  number  of  buildings  would, 
therefore,  require  an  expenditure  of  $1  200  000  000.  At  4  per 
cent  interest  per  annum  on  the  investment,  and  2  per  cent  depre- 
ciation, the  outlay  per  year  to  maintain  these  installations  would 
be  $72  000  000.  As  this  seems  to  be  a  conservative  estimate,  it 
obviously  would  not  pay  indiscriminately  to  rod  all  property 
exposed  to  lightning,  even  though  that  situated  in  regions  where 
thunderstorms  are  infrequent,  which  is  included  in  the  foregoing 
figures,  were  excluded  from  consideration;  discrimination  must 
be  used  in  selecting  the  property  to  be  protected  in  order  not  to 
make  protection  against  damage  by  lightning  more  expensive  than 
insurance. 

In  making  such  a  selection  Table  8  will  be  of  some  assistance, 
but  in  addition  to  a  knowledge  of  the  order  of  susceptibility  to 
fire  or  other  damage  from  lightning  of  different  classes  of  property, 
there  must  also  be  a  consideration  of  the  secondary  consequences 
of  a  stroke  of  lightning.  Thus,  in  the  case  of  a  smokestack  the 
loss  resulting  from  a  shutdown  of  the  plant  may  be  many  times 
the  amount  of  damage  to  the  stack,  much  of  which,  such  as 
demoralization  of  the  working  force,  loss  of  possible  sales,  etc.,  is 
intangible  and  can  not  always  be  covered  by  insurance.  In  such 
a  case  thorough  protection  against  lightning  would  be  the  most 
economical  insurance  in  the  end.  In  the  case  of  barns,  oil  tanks, 
churches,  and  other  structures  which  are  extremely  liable  to  fire 
or  other  damage  by  lightning,  protection  is  also  undoubtedly  more 
economical  than  insurance.  In  addition  to  the  actual  dgree  of 
security  against  damage  from  lightning  there  is  also  a  sense  of 
security  enjoyed  by  the  owner  which  must  be  considered.  Many 
owners  of  rods  declare  that  after  rods  were  erected  on  their  barns 
and  other  property  they  could  sleep  soundly  through  a  thunder- 
storm at  night,  whereas  before  they  felt  obliged  to  be  on  watch 
until  the  disturbance  was  over,  and  this  feeling  of  security  was  no 
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doubt  well  worth  the  cost  quite  apart  from  the  actual  protection 
afforded. 

The  actual  cost  of  lightning  rods  is  a  quantity  which  depends 
upon  the  character  of  the  rod,  the  character  of  the  building  upon 
which  it  is  erected,  and  the  thoroughness  with  which  the  work  is 
done.  The  price  at  which  agents  seem  to  be  able  to  dispose  of 
their  goods  is  also  a  variable  quantity  depending  in  many  cases 
upon  the  salesmanship  of  the  agent  and  the  persistence  of  the 
buyer  in  holding  out  for  a  lower  price.  These  prices  range  from  25 
to  45  or  50  cents  per  foot  of  erected  rod,  with  aerial  terminals 
thrown  in.  Ornaments  and  other  more  or  less  useless  accessories 
are  generally  extra,  however,  and  the  skill  with  which  the  average 
agent  disposes  of  worthless  glass  and  tinware  to  hang  on  aerial 
terminals  and  other  parts  of  the  system  markedly  increases  the 
cost  of  the  rod  to  the  purchaser.  In  view  of  the  character  of  the 
work  done  in  most  cases  these  prices  are  highly  excessive  and 
altogether  out  of  proportion  to  the  actual  cost  of  the  material  and 
erection.  If  the  erection  of  rods  were  placed  upon  an  engineering 
basis  and  more  stress  laid  upon  features  of  installation  which  were 
calculated  to  promote  the  efficiency  of  the  protection,  instead  of 
appealing  to  the  imagination  of  the  purchaser  with  useless  "ground 
points"  and  other  fanciful  devices,  the  lightning-rod  salesman 
might  be  removed  from  the  class  of  the  patent -medicine  vendor 
and  his  usefulness  to  the  community  much  enlarged.  There  has 
been  much  improvement  in  this  respect  in  recent  years,  but  a  great 
deal  of  progress  can  still  be  made  in  this  direction. 

XII.  PROTECTION  OF  LIVE  STOCK  IN  FIELDS 

The  loss  of  live  stock  by  lightning  in  some  localities,  especially 
in  the  Middle  Western  States,  has  been  sufficient  to  cause  consid- 
erable concern,  and  in  many  cases  precautions  have  been  taken  to 
prevent  it.  The  greater  portion  of  the  loss  is  caused  by  cattle 
drifting  against  wire  fences  during  thunderstorms  and  being  struck 
by  lightning,  which  may  be  collected  by  the  fence  at  a  distance 
and  brought  to  the  herd  with  sufficient  force  to  kill  them.  It  is 
not  often  that  cattle  are  killed  by  direct  stroke  unless  it  be  under 
trees  where  they  have  gathered  for  shade  and  to  fight  flies  during 
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the  excessively  warm  period  which  usually  precedes  a  summer 
thunderstorm. 

In  many  instances  attempts  have  been  made  to  obviate  the 
danger  from  wire  fences  by  the  simple  and  inexpensive  expedient  of 
earthing  the  wires  at  intervals  by  means  of  an  iron  or  copper  wire 
stapled  to  the  posts  in  contact  with  the  fence  wires  and  extending 
3  or  4  feet  (0.91  or  1.2  m)  into  the  ground.  This,  however,  makes 
an  earth  connection  of  high  resistance  and  is  soon  broken  off  or 
■corroded  away.  A  much  more  permanent,  but  also  more  expen- 
sive earth  connection  is  made  with  a  post  of  galvanized  iron  with 
clamps  for  holding  the  wires,  which  is  made  especially  for  the  pur- 
pose. These  posts  may  be  placed  from  50  to  100  yards  (45.7  to 
91.4  m)  apart,  according  to  the  condition  of  dampness  of  the  soil. 
If  the  soil  is  dry,  they  should  be  placed  rather  close  together,  say 
at  50  yards  (45.7  m) ,  in  order  that  the  resistance  to  earth  may  not 
be  too  high.  If  the  soil  is  damp,  they  may  be  placed  at  100  yards 
(91.4  m)  or  even  more.  An  excellent  earth  connection,  which  is 
less  expensive  than  that  obtained  with  the  posts,  can  be  obtained 
with  one-half  or  three-quarter  inch  (1 .27  or  1 .9  cm)  galvanized-iron 
pipe  extending  5  or  6  feet  (1.32  or  1.83  m)  in  the  ground  and 
attached  to  each  fence  wire  by  wrapping  with  galvanized-iron  wire. 
The  pipe  earths  may  be  spaced  at  the  same  distances  as  the  iron 
posts  mentioned  above. 

To  simply  connect  the  fence  to  earth,  however,  is  not  sufficient. 
It  is  also  necessary  that  the  electrical  continuity  of  the  fence  be 
broken  up.  This  can  be  accomplished  by  inserting  at  intervals  of 
300  yards  (274.2  m),  or  so,  2  by  2  inch  (5.08  by  5.08  cm)  strips 
of  hardwood  a  yard  (0.914  m)  in  length  to  the  ends  of  which  the 
ends  of  the  disconnected  fence  wires  are  made  fast.  In  this  man- 
ner a  bolt  of  lightning  striking  any  section  of  the  fence  will  be  con- 
fined in  large  measure,  at  least,  to  that  section,  and  thus  its  trans- 
mission to  a  distant  part  of  the  fence  will  be  prevented,  even  though 
the  resistance  of  the  earth  connection  is  rather  high.  The  strips 
of  wood  may  be  staggered  in  a  vertical  direction  to  a  sufficient 
extent  to  make  it  not  easy  for  stock  to  reach  through  the  fence 
between  the  strips  where  there  are  no  barbs  to  prevent  it. 

In  the  case  of  trees  which  it  is  desirable  to  preserve  on  account 
of  the  shade  they  afford  to  stock  the  danger  from  lightning  may 
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be  reduced  by  fencing  around  the  trunk  at  a  few  feet  from  it  and 
rodding  the  tree  with  a  three-eighths  inch  (0.95  cm)  copper  cable 
extending  from  the  topmost  branches  to  a  sufficinet  depth  in  the 
ground  to  reach  permanent  moisture.  Where  trees  are  isolated 
and  the  vicinity  is  much  frequented  by  stock  this  may  be  a  wise 
precaution. 

XIII.  SAFEGUARDING  HUMAN  LIFE 
LOCATION  OF  GREATEST  SAFETY  DURING  A  THUNDERSTORM 

The  question  is  often  asked  as  to  the  location  of  greatest  safety 
during  a  thunderstorm.  In  this  respect  it  may  be  said  that 
there  is  no  place  or  object  in  the  path  of  a  thunderstorm  that  is 
not  liable  to  a  stroke  of  lightning.  Places  or  objects  may  be 
more  or  less  liable  to  a  stroke  of  lightning  according  to  their 
relative  exposure,  etc.,  but  no  place  in  the  path  of  a  thunder- 
storm is  to  be  considered  as  one  upon  which  a  stroke  of  lightning 
is  not  likely  to  fall.  The  location  of  complete  safety  during  a 
thunderstorm  is,  therefore,  one  in  which,  even  though  a  stroke 
of  lightning  does  fall  upon  it,  no  harm  will  come  to  the  occu- 
pants. From  what  has  been  said  in  the  foregoing  portions  of 
this  paper  it  is  evident  that  such  a  location  may  be  found  only 
in  a  space  entirely  surrounded  by  a  metal  network,  in  a  steel- 
frame  building,  or  in  an  underground  chamber.  With  the  excep- 
tion of  places  similar  to  these  three,  there  does  not  seem  to  be 
any  place  where  absolute  safety  may  be  obtained.  The  next 
degree  of  safety  is  undoubtedly  to  be  found  in  houses  or  other 
buildings  which  are  protected  by  lightning  rods,  but,  although 
the  degree  of  safety  which  can  be  attained  by  using  rods  may 
be  very  high,  the  risk  can  not  be  entirely  eliminated. 

In  the  event  of  a  stroke  on  an  unprotected  building  there  is 
considerable  danger  to  life,  but  there  is  no  doubt  that  an  unpro- 
tected house  is  preferable  to  the  open,  under  trees,  or  in  unpro- 
tected outbuildings.  As  heretofore  shown  from  the  news  clippings 
in  H.  F.  Kretzer's  Lightning  Record,  when  a  stroke  falls  on  an 
unprotected  house  sheltering  a  family  of  the  average  number  of 
persons,  the  minimum  chances  of  escape  are  45  in  100.  In  all 
probability,  however,  the  chances  of  escape  are  much  greater 
than  this.  In  254  instances  of  casualties  in  unprotected  houses 
which  are  given  in  this  record  there  were  117  cases  of  death  and 
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137  cases  of  injury.  From  the  same  source  it  is  found  that  in 
153  cases  of  persons  struck  in  open  fields  116  were  killed  and  37 
were  injured.  In  33  cases  of  persons  struck  under  trees,  32  were 
killed  and  1  injured.  In  9  cases  of  persons  struck  near  wire 
fences,  8  were  killed  and  1  injured.  It  seems,  therefore,  that  it 
is  far  better  to  take  shelter  in  a  house  which  is  not  protected 
against  lightning  than  to  take  chances  in  the  open,  where  every- 
thing is  damp  and  hence  the  liability  to  shock  or  injury  far  greater 
than  in  a  dry  place. 

The  news  reports  just  mentioned  show  that  when  unprotected 
houses  are  struck  people  are  injured  or  killed  in  almost  every 
conceivable  location  in  the  house.  It  seems  that  there  is  no 
place  in  a  house  to  which  lightning  will  not  penetrate,  although 
many  statements  to  the  contrary  have  been  made.  Some  places 
in  a  house  are  undoubtedly  more  dangerous  than  others,  how- 
ever, among  such  places  being  the  vicinity  of  stoves,  places 
between  masses  of  metai  on  the  exterior  of  the  building,  and 
metallic  masses  on  the  interior  of  the  building,  whether  earthed 
or  not,  and  near  chimneys.  An  example  of  a  place  between 
metallic  masses  of  the  character  of  those  just  mentioned  -would 
be  between  a  down  spout  and  a  steam  or  hot-water  radiator. 
Other  dangerous  places  in  a  house  during  a  thunderstorm  are  at 
telephones,  or  touching  screen  doors  or  other  metallic  bodies  which 
connect  with  the  exterior  of  the  building. 

Out  of  doors  the  most  dangerous  places  are  evidently  in  open 
fields,  under  isolated  trees,  and  near  wire  fences.  Small  sheds 
and  other  shelters  are  almost  equally  as  dangerous  as  isolated 
trees,  especially  if  the  sheds  are  in  the  open,  away  from  larger 
buildings.  Thick  timber  is  undoubtedly  the  safest  place  to 
seek  out  of  doors,  for  the  reason  that  a  single  tree  under  which  a 
person  might  take  shelter  in  a  forest  area  is  not  as  likely  to  receive 
a  stroke  as  a  single  object  or  a  person  in  an  open  space  of  equal  area. 

XIV.  SUMMARY 

The  substance  of  the  foregoing  paper,  and  the  conclusions 
from  it,  may  be  summarized  briefly  as  follows : 

(1)  The  property  loss  by  lightning  for  the  entire  country  is 
approximately  $8  000  000  per  year,  of  which  by  far  the  greater 
part  occurs  in  rural  districts. 


102  Technologic  Papers  of  the  Bureau  of  Standards 

(2)  During  each  year  there  are  approximately  1  500  persons 
affected  by  lightning  stroke  in  the  United  States,  about  one- 
third  of  this  number  being  killed  and  the  rest  subjected  to  injuries 
which  in  many  cases  are  permanent.  Nine-tenths  of  these  acci- 
dents occur  in  rural  districts. 

(3)  Such  evidence  as  is  available  on  the  effectiveness  of  lightning 
rods  indicates  that,  taking  rods  as  they  come  in  the  general  run 
of  installations,  they  reduce  the  fire  hazard  from  lightning  by 
80  to  90  per  cent  in  the  case  of  houses,  and  by  as  much  as  99  per 
cent  in  the  case  of  barns.  The  same  is  undoubtedly  true  in  the 
cases  of  other  buildings  having  characteristics  similar  to  those  of 
barns  and  houses. 

(4)  There  is  a  more  or  less  general  opinion  among  persons  who 
have  given  attention  to  the  subject  of  protection  against  lightning 
that  failures  of  lightning  rods  to  give  adequate  protection  are  in 
many  cases  due  to  neglect  to  make  extended  metallic  masses  in 
proximity  to  the  rods  a  part  of  the  lightning-rod  system.  When 
these  metallic  masses  are  included  in  the  system  in  the  proper 
manner  the  danger  of  a  flash  leaving  the  rod  and  penetrating  the 
building  is  much  reduced. 

(5)  The  matter  of  the  proper  metal  for  lightning  conductors  has 
been  much  discussed,  especially  with  respect  to  resistivity;  but, 
inasmuch  as  the  resistance  of  the  metallic  portion  of  a  lightning- 
rod  system  is  in  most  cases  small  in  comparison  with  the  resistance 
of  the  earth  connection,  the  resistivity  of  the  metal  used  is  not 
of  paramount  importance;  at  least  the  difference  of  resistivity 
in  the  metals  commercially  available  for  lightning  rods  are  not 
great  enough  to  make  one  metal  preferable  over  another. 

(6)  There  are  two  systems  of  protection  in  successful  use,  i.  e., 
the  contour  system  and  the  point  system.  Both  systems  present 
certain  advantages,  but  it  seems  that  the  advantages  obtained  in 
the  use  of  points  outweigh  the  advantages  of  the  other  system. 
The  chief  mechanical  difficulty  present  in  the  point  system,  which 
is  not  met  in  the  contour  system,  is  the  mechanical  one  of  keeping 
aerial  terminals  upright. 

(7)  Insulators  in  clamps  fastening  lightning  rods  to  buildings 
are  no  longer  used  except  in  localities  where  prejudice  in  their 
favor  still  demands  that  their  use  be  continued. 
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(8)  The  maximum  current  of  a  lightning  flash  may  be  more 
than  20  000  amperes. 

(9)  A  flash  of  lightning  consists  in  most  cases  of  a  number  of 
consecutive  discharges  of  varying  character  which  follow  each 
other  along  the  same  path  with  very  short-time  intervals  between 
them.  The  duration  of  a  complete  flash  may  vary  in  different 
cases  from  a  very  few  thousandths  of  a  second  to  half  a  second  or 
more.  The  intervals  of  time  between  consecutive  discharges  in 
the  same  flash  may  vary  from  a  few  thousandths  to  one  or  two 
tenths  of  a  second.  The  duration  of  each  of  the  consecutive  dis- 
charges of  a  flash  is  probably  not  more  than  two  or  three  hundred- 
thousandths  of  a  second  in  most  cases. 

(10)  The  rate  of  variation  of  current  at  any  point  of  the  path  of 
each  of  the  consecutive  discharges  of  a  flash  of  lightning  is  proba- 
bly in  most  cases  such  as  to  make  its  effects  similar  to  those  of 
currents  of  frequencies  of  the  order  of  several  hundred  thousand 
cycles  per  second,  with  the  wave  train  so  rapidly  damped  as  to 
make  it  practically  a  unidirectional  discharge.  The  magnetic 
effects  observed  in  many  instances  point  to  either  a  unidirectional 
discharge  or  rapid  damping.  In  fact,  there  seems  to  be  no  good 
reason  for  believing  that  a  lightning  discharge  is  oscillatory, 
although  secondary  effects  from  lightning  discharges  in  neighbor- 
ing conductors  may  be  of  an  oscillatory  character. 

(11)  The  path  of  a  flash  of  lightning  may  be  shifted  by  the  wind 
while  the  flash  is  taking  place,  such  shifting  having  been  observed 
photographically  to  have  taken  place  to  the  extent  of  at  least  1 1 . 1 
meters  (36.4  feet). 

(12)  The  heating  effects  of  a  lightning  stroke  on  a  rod  of  ordinary 
size,  i.  e.,  a  rod  weighing  0.5  kg  per  meter  (5.^  ounces  per  foot)  or 
more,  is  not  likely  to  be  appreciable  except  at  the  place  where  the 
stroke  enters  the  rod.  It  may  also  be  appreciable  at  high-resistance 
joints. 

(13)  The  instantaneous  potentials  which  may  be  set  up  between 
rod  and  earth  by  a  flash  of  lightning  because  of  the  resistance  of 
the  earth  connection  may  easily  reach  half  a  million  volts  or  more 
with  earth  connections  of  the  resistance  of  those  ordinarily  met 
within  practice. 
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(14)  Assuming  a  sine  wave  of  electromotive  force,  high  current 
density,  wave-fronts  equivalent  to  frequencies  of  from  100  000  to 
500  000  cycles  per  second,  and  constants  as  given  heretofore  in 
this  paper,  the  skin  effect  in  a  cylindrical  iron  rod  appears  to  be 
less  than  the  skin  effect  in  a  copper  rod  of  the  same  dimensions. 

(15)  No  system  of  protection  for  oil  tanks  has  been  devised 
which  is  accepted  by  oil  companies  as  giving  a  degree  of  protection 
which  is  at  all  commensurate  with  the  cost.  It  may  be  well  to 
add  in  this  connection  that  the  systems  of  protection  for  powder 
magazines  at  present  in  use  are  not  considered  satisfactory;  at 
least  this  is  the  impression  to  be  gathered  from  published  infor- 
mation. Much  experimental  work  has  been  done,  but  the  diffi- 
culty of  preventing  explosions  seems  to  be  almost  insurmountable. 

(16)  In  the  event  of  equal  and  large  numbers  of  unprotected 
barns  and  houses  being  struck  by  lightning,  about  four  times  as 
many  barns  as  houses  would  be  fired. 

(17)  There  are  no  data  to  show  that  different  objects  equally 
exposed  to  lightning  as  to  height,  configuration,  and  other  char- 
acteristics are  not  equally  liable  to  be  struck.  From  theoretical 
considerations  it  would  appear  that  highly  conducting  bodies  are 
more  likely  to  be  struck  than  insulating  bodies;  but  there  are  no 
data  available  to  show  to  what  extent  this  is  the  case.  The  im- 
pression that  some  objects  are  more  liable  to  lightning  stroke 
than  others  undoubtedly  arises  from  the  fact  that  some  are  more 
susceptible  to  damage  by  lightning  than  others. 

(18)  Such  statistics  as  are  available  seem  to  show  that  when  a 
stroke  of  lightning  falls  upon  an  unprotected  house  sheltering  a 
family  of  an  average  number  of  persons  the  chances  are  about 
even  that  one  or  more  of  the  members  will  be  injured  or  killed, 
but  because  of  the  fact  that  cases  of  lighning  stroke  on  houses  in 
which  no  severe  damage  to  the  building  nor  injury  to  persons 
occurs  are  very  unlikely  to  be  reported  it  is  quite  likely  that  the 
chances  are  much  less  than  even. 

(19)  The  metals  commercially  available  as  materials  for  light- 
ning rods  and  which  meet  all  of  the  other  requirements  in  greater 
or  less  degree  are  copper,  aluminum,  and  iron. 

(20)  The  most  important  property  which  must  be  possessed 
by  the  metal  of  which  a  lightning  rod  is  made  is  resistance  to 
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atmospheric  and  soil  corrosion.     To  impart  this  property  to  iron 
it  must  be  galvanized. 

(21)  Good  mechanical  construction  is.  quite  essential  to  per- 
manency in  a  lightning-rod  system,  but  at  the  present  time  it  is 
not  as  a  rule  being  given  the  attention  it  should  have.  The  im- 
pression that  a  defective  rod  is  necessarily  a  menace,  however,  is 
false;  even  a  defective  rod  is  generally  better  than  no  rod  at  all. 

(22)  In  constructing  a  lightning  rod,  contact  between  metals 
which  occupy  different  positions  in  the  electromotive  series  should, 
in  general,  be  avoided.  An  exception  to  this  is  contact  between 
copper  and  lead. 

(23)  Corrosion  of  copper  rods  by  smoke  and  gases  can  be 
effectively  prevented  in  most  cases  by  covering  the  rod  with  lead. 

(24)  The  rods  sold  at  the  present  time  which  seem  preferable 
are  star-section  iron  rod  and  tightly  twisted  copper  cable.  Copper 
cable  is  sold  woven  in  tubular  form,  but  weaving  copper  cable  in 
this  form  does  not  materially  decrease  the  high-frequency  resist- 
ance over  that  of  a  tightly  twisted  cable  of  the  same  number  and 
size  of  wires.  It  does  cause  a  slight  decrease  in  self -inductance, 
but  in  a  lightning-rod  system  -a  decrease  of  inductance  can  be  better 
accomplished  by  offering  the  flash  a  greater  number  of  widely 
separated  parallel  paths  to  earth  than  is  usually  the  case. 

(25)  The  most  economical  and  satisfactory  earth  connections 
are  made  with  cast-iron  or  copper  rods  extending  into  the  earth 
to  a  depth  of  from  6  to  10  feet,  or  to  a  point  well  below  the  foun- 
dation walls  of  the  building  to  be  protected. 

(26)  The  resistance  of  the  earth  connection  should  be  made  as 
low  as  practicable,  in  most  cases  it  being  impossible  to  get  too 
low  a  resistance.  A  resistance  which  rises  much  above  15  or  20 
ohms  at  any  time  should  be  considered  as  excessively  large. 

(27)  Aerial  terminals  with  points  should  be  located  at  all 
chimneys,  gables,  points,  or  other  projections  toward  which  a 
stroke  of  lightning  might  be  directed.  This  is  because  a  point 
can  not  be  relied  upon  to  protect  objects  other  than  the  one 
upon  which  it  is  placed. 

(28)  Down  conductors  should  be  run  in  such  a  way  that  a 
stroke  on  any  aerial  terminal  on  a  structure  will  have  two  or  more 
widely  separated  paths  from  the  foot  of  the  aerial  terminal  to 
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earth.     One  path  from  an  aerial  terminal  to  earth  has  been  found 
unsafe  and  more  than  two  is  preferable. 

(29)  The  return  on  an  investment  in  lightning  rods  may  be 
expected  in  two  ways:  In  a  sense  of  personal  security  from  light- 
ning and  in  actual  security  to  both  life  and  property.  The  prop- 
erty loss  by  lightning  is  not  sufficient  to  cause  protection  against 
lightning  always  to  be  a  paying  investment.  Protection  against 
lightning  is  justified  as  an  investment  only  where  risk  to  human 
life  is  involved  and  where  the  property  risk  is  high  enough  to 
make  protection  against  lightning  cheaper  than  insurance. 

(30)  The  loss  of  live  stock  in  fields  can  be  reduced  by  earthing 
wire  fences  by  means  of  galvanized-iron  pipe  or  posts  at  intervals 
of  100  yards  or  so,  and  breaking  up  the  electrical  continuity  of 
the  fence  at  intervals  by  inserting  sections  of  nonconducting 
wood  in  place  of  the  wire. 

(31)  No  place  to  which  a  person  may  ordinarily  retire  can  be 
considered  absolutely  safe  from  lightning.  The  place  of  greatest 
safety  which  is  ordinarily  accessible  is  a  well-rodded  building; 
the  next  safest  is  undoubtedly  an  unprotected  house,  which  may- 
be regarded  as  much  safer  than  in  the  open  or  in  small  unpro- 
tected outbuildings. 

Washington,  July  17,  191 5. 
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Appendix  I.— RULES  CONCERNING  THE  INSTALLATION  AND 
MAINTENANCE  OF  LIGHTNING  RODS 

Below  are  given  some  of  the  rules  and  recommendations  con- 
cerning the  installation  and  maintenance  of  lighting  rods  that 
have  been  adopted  by  various  authorities  or  technical  organiza- 
tions in  England,  Germany,  and  the  United  States.  They  are 
given  here  as  examples  of  what  the  various  organizations  referred 
to  regard  as  the  best  practice  in  protection  against  lightning. 

A.  ENGLAND 

THE  PHOENIX  FIRE  OFFICE  RULES 29  FOR  LIGHTNING  RODS 

IDEAL  METHOD  OF  PROTECTION 

In  the  report  issued  by  the  Lightning  Research  Committee  in  1905,  it  is  pointed  out 
that  lightning  discharges  are  of  two  distinct  characters,  named  the  A  and  B  flash, 
respectively.  The  A  flash  is  of  simple  type;  it  can  be  prevented,  or  its  violence 
diminished,  by  the  silent  discharge  which  goes  on  during  a  storm  from  various  points 
of  a  building.  Its  path  is  prepared  beforehand  by  ordinary  electrostatic  considera- 
tions, and  it  strikes  pointed  conductors  in  preference  to  others.  The  usual  system  of 
two  or  more  conductors,  if  properly  constructed,  affords  sufficient  protection  against  a 
flash  of  this  kind. 

The  B  flash  is  a  disruptive  discharge  of  much  greater  suddeness,  which  falls  on  a 
building  without  preparation;  it  may  strike  the  building  in  several  places  at  once, 
and  is  no  more  likely  to  select  points  than  knobs.  A  column  of  hot  air,  like  that  of  a 
chimney,  is  the  path  most  favored  by  this  kind  of  discharge.  Points  are  no  protection 
against  it;  the  only  way  to  obtain  absolute  security  is  to  inclose  the  structure  in  a 
metal  framework,  constituting  what  has  been  described  as  the  "bird-cage"  system 
of  conductors. 

In  a  modification  of  this  system  for  an  ordinary  building  a  sufficient  practical 
approach  to  ideal  conditions  can  be  attained  by  taking  advantage  of  the  extent  of 
metal  work  outside  it  and  adding  a  few  other  conductors,  so  as  to  surround  it  and 
imitate  roughly  a  metallic  inclosure.  Under  expert  supervision  this  can  generally 
be  accomplished  by  utilizing  the  rain-water  pipes  and  gutters  as  part  of  the  system. 

29  Taken  from  Modern  Lightning  Conductors,  by  Killingworth  Hedges.  The  Phoenix  Fire  Office  Rules, 
for  the  erection  of  lightning  conductors,  were  drawn  up  after  consultation  between  Sir  Oliver  Lodge,  D.  Sc, 
F.  R.  S.,  principal  of  the  University  of  Birmingham;  Mr.  Killingworth  Hedges,  M.  Inst.  C.  E.,  M.  I.  E.  E., 
honorable  secretary  to  the  Lightning  Research  Committee,  1901  to  1905;  and  Mr.  S.  G.  Castle  Russell, 
M.  I.  E.  E.,  electrical  adviser  to  the  Phoenix  Assurance  Company  (Ltd.). 
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Joints  in  the  pipes  and  gutters  act  more  securely  when  bonded  together  or  made 
electrically  continuous.  The  ordinary  conductors  must  be  fixed  in  addition,  and  the 
whole  system  of  pipes,  etc.,  together  with  the  special  conductors,  may  advantage- 
ously be  interconnected  by  a  horizontal  conductor  taken  round  the  buildings,  either 
2  or  3  feet  above  the  ground  level  or  buried  in  the  ground. 

The  complete  system  should  then  be  efficiently  connected  to  earth  at  several  places. 

A  building  with  trees  adjacent  to  it,  or  dominated  by  a  steeple  or  other  lofty  build- 
ing, must  not  be  considered  as  immune.  A  discharge  is  seldom  solitary,  along  one 
single  path ;  it  is  often  an  assemblage  or  bush  of  flashes,  and  all  points  in  the  neighbor- 
hood are  liable  to  be  struck  by  some  of  the  subsidiary  or  accompanying  discharges. 
Even  underground  cellars  have  been  so  invaded. 

Rule  No.  1.— CONDUCTORS 

Material  op  Conductor. — Material  should  be  of  copper  tape  at  least  i  by  one-eighth 
inch,  or  of  a  stranded  copper  rope  of  not  less  area;  no  cable  to  be  smaller  than  that 
composed  of  seven  strands,  each  of  one-eighth  inch  diameter,  or  of  soft  iron  cable, 
properly  galvanized  or  sheradized;  the  total  sectional  area  of  iron  cable  need  not  be 
greater  than  that  of  copper,  except  for  chemical  reasons  and  permanence.  In  inacces- 
sible places,  and  atmospheres  where  chemical  corrosion  may  be  feared,  copper  should 
be  used  of  larger  sectional  area  than  i  by  one-eighth  inch. 

Copper  conductors  are  generally  accepted  as  being  more  lasting  and  less  subject  to 
deterioration  by  atmospheric  influences,  etc.,  although  iron  is  electrically  more 
efficient  than  copper,  since  it  carries  off  the  discharge  with  less  tendency  to  disruptive 
effect.  Any  conductor  may  be  given  a  protective  coat  of  paint — painting  or  other- 
wise coating  a  conductor  does  not  detract  from  its  efficiency. 

Method  op  Running. — Conductors  should  be  run  in  as  direct  a  line  to  earth  as 
convenient,  and  sharp  bends  and  joints  avoided;  they  should  be  kept  a  certain  dis- 
tance away  from  the  walls.  The  object  of  keeping  conductors  a  certain  distance  away 
from  walls  is  to  prevent  accumulation  of  dirt,  and  to  avoid  sharp  bends  when  passing 
over  cornices,  etc.,  but  they  must  not  be  insulated  from  the  walls. 

Conductors  should,  as  far  as  possible,  be  run  in  single  lengths. 

Conductors  should  be  protected  at  earth  level  by  galvanized  iron  tubing  or  casing 
carried  5  feet  above  the  surface;  this  casing  should  be  made  water-tight  where  the 
conductors  enter  and  leave. 

Conductors  running  underground  and  connected  to  the  earth  plate  or  tubular 
earth  should  be  embedded  in  a  wooden  trough  filled  in  solid  with  bitumen  to  prevent 
chemical  corrosion. 

Vertical  conductors  should  be  connected  to  all  the  metal  work  on  the  roofs,  such  as 
rain-water  pipes  and  gutters,  metal  roofs,  flashings,  ridgings,  finials,  cowls,  etc.  All 
exposed  metal  work  on  the  outside  of  the  building  should  form  with  the  conductors 
a  complete  network.  As  far  as  practicable  it  is  desirable  to  connect  the  conductors 
to  exposed  and  elevated  masses  of  metal,  such  as  bells  and  metal  clocks;  or  it  may  be 
preferred  to  protect  clocks  by  providing  a  sufficiency  of  outside  conductors  to  act  as  a 
screen,  which  should  be  interconnected  and  carried  to  a  sufficient  number  of  earth 
connections. 

Conductors  must  be  kept  at  least  12  feet  from  all  gas  pipes  and  from  the  meter,  the 
ingoing  and  outgoing  service  gas  pipes  should  be  connected  together  by  a  short  piece 
of  metal. 
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All  telephone  wires,  or  any  exposed  system  of  wires  entering  the  interior  from  the 
outside,  must  be  provided  with  a  special  lightning  guard  or  arrester  where  they  enter. 

Joints  in  Conductors. — For  tape  conductors  all  joints  must  be  carefully  soldered 
and  made  electrically  and  mechanically  continuous,  screwed  together  or  clamped. 
Stranded  cable  conductors  should  be  connected  by  lineman 's  joints  and  soldered  or 
united  by  a  special  joint  box.  After  the  strands  of  the  cable  are  twisted  together, 
the  box  should  be  filled  in  with  molten  solder. 

Rule  No.  2.— ELEVATION  RODS 

Elevation  rods  should  be  of  solid  copper  or  galvanized  iron  of  ample  section  and 
fixed  at  least  2  feet  above  that  portion  of  the  building  to  which  they  are  attached 
by  a  sleeve  joint  soldered  and  pinned,  or  by  means  of  a  box  joint  filled  with  solder  and 
pinned.  In  the  case  of  chimney  stacks  the  rod  must  be  at  least  1  foot  above  the 
highest  chimney  in  the  group  which  forms  the  stack. 

The  elevation  rod  should  have  three  or  more  points  which  must  be  firmly  screwed 
into  the  solid  casting,  or  it  could  be  united  by  a  box  containing  pockets  which  receive 
the  points,  the  whole  being  filled  with  solder. 

Rule  No.  3— HOLDFASTS 

Holdfasts  should  be  of  gun  metal  or  brass  for  copper  conductors  or  of  malleable 
iron  for  iron  conductors  and  let  into  the  wall  in  such  a  manner  as  to  support  and  keep 
the  conductor  away  from  the  structure  at  such  a  distance  as  will  avoid  anything  like 
sharp  bends  round  cornices  and  projections. 

Rule  No.  4.— NUMBER  OF  CONDUCTORS  AND  AREA  OF  PROTECTION 

This  depends  on  the  size  of  the  building  and  the  comparative  heights  of  its  struc- 
tural parts.  There  is  no  special  area  below  an  elevation  rod  which  can  be  considered 
as  actually  protected;  so  that  "area  of  protection"  really  can  not  be  defined,  and  no 
definite  rule  can  be  laid  down  as  to  the  number  of  rods  necessary  to  protect  a  building. 
The  consideration  of  the  extent  of  protection  afforded  must  bear  some  relation  to  the 
value  and  importance  of  the  building  concerned.  It  should  be  the  practice  to  provide 
at  least  two  or  more  rods  on  any  building.  The  best  known  system  of  protection  is 
referred  to  above. 

It  should  be  noted  that  any  chimney  stack  is  liable  to  be  struck;  each,  therefore, 
should  have  its  own  elevation  rod  connected  to  the  nearest  conductor  leading  to  earth. 
Special  attention  should  be  paid  to  kitchen  chimneys,  as  a  column  of  hot  air  will  often 
be  selected  as  a  path  for  the  flash. 

Rule  No.  5.— EARTH  CONNECTIONS,  AND  NUMBER 

The  earth  connection  should  be  made  either  by  means  of  a  copper  plate  buried  in 
damp  earth,  or  by  the  tubular  earth  system,  or  by  connection  to  the  water  mains. 
The  number  of  connections  should  be  in  proportion  to  the  ground  area  of  the  building, 
and  there  are  few  structures  where  less  than  two  are  necessary;  if  it  is  thought  desir- 
able to  use  the  modified  "bird-cage"  system,  described  heretofore,  each  side  of  the 
building  should  have  its  own  earth.  Church  spires,  high  towers,  factory  chimneys, 
etc.,  having  two  down  conductors  should  have  two  earths,  which  may  be  intercon- 
nected. 
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If  a  copper  plate  is  used  it  should  not  be  of  less  than  3  square  feet  in  area  and  not 
less  than  one-eighth  inch  thick,  and  rectangular  in  shape,  with  saw  edges  and  sur- 
rounded with  broken  coke  or  graphite.  If  coke  is  used,  it  must  be  thoroughly  washed 
to  eliminate  any  sulphur  which  may  destroy  the  copper.  The  conductor  should  be 
firmly  attached'so  as  to  make  a  permanent  mechanical  and  electrical  joint. 

The  earth  connections  should  be  kept  at  least  12  feet  from  gas  mains. 

The  use  of  copper  plate  is  not  recommended  unless  it  can  be  sunk  into  the  earth  at 
such  a  depth  as  to  insure  it  always  being  in  water  or  in  moist  earth. 

The  tubular  earth  system  is  as  follows,  and  is  recommended  for  use  where  the 
ground  can  not  be  disturbed  for  burying  a  plate,  or  where  permanent  moisture  is  at  a 
considerable  depth.  A  perforated  pipe  furnished  with  a  steel  spike  is  driven  into 
the  ground  until  it  reaches  moisture,  and  then  lengthened  up  to  the  surface,  to  a 
casting  which  marks  the  position  of  the  earth.  The  copper  conductor  is  inclosed  in 
the  pipe,  and  carried  to  the  bottom  of  the  tube,  which  is  packed  with  granulated 
carbon.  A  connection  is  made  by  means  of  an  iron  or  lead  pipe  to  the  nearest  rain- 
water pipe,  so  that  a  small  quantity  of  rain  is  diverted  to  insure  moisture,  or  a  similar 
pipe  may  be  opened  up  into  a  funnel  shape  at  the  surface  of  the  ground,  so  that  rain 
will  enter,  or  water  can  be  poured  down. 

Where  conditions  permit,  connection  to  a  water  main  is  a  satisfactory  plan,  provided 
that  the  main  is  not  insulated  by  hydrant  joints,  or  periodically  disconnected. 

Rule  No.  6.— TEST  AND  EXAMINATION  OF  EARTH  CONNECTIONS 

The  earth  resistance  of  each  of  the  earth  connections  should  not  exceed  5  ohms. 
For  the  purpose  of  testing,  a  special  disconnection  joint  should  be  made  in  the  con- 
ductor near  the  ground  level,  so  that  the  earth  can  be  tested  separately  from  the  system 
of  the  conductors  on  the  building  by  disconnecting  the  joint. 

A  test  and  examination  should  be  made  once  annually  by  a  competent  expert. 

Rule  No.  7.— SPECIAL  RISKS 

Churches. — In  the  case  of  churches  or  building  having  long  roofs,  and  where  more 
than  one  conductor  is  used,  the  down  rods  should  be  connected  together  by  a  hori- 
zontal rod  (fitted  with  aigrettes,  say  from  20  to  30  feet  apart)  running  along  the  ridge 
or  flat  of  the  roof,  and  held  about  3  inches  away  by  holdfasts.  From  this  rod  sub- 
sidiary conductors  should  be  run  to  earth.  All  exposed  and  elevated  masses  of  metal, 
such  as  church  bells  and  metal  clocks,  should  be  connected  with  the  conductors. 

Factory  Chimneys. — In  the  case  of  factory  chimneys  the  elevation  rod  should  take 
the  form  of  a  circular  band  of  metal  around  the  top  of  the  shaft,  preferably  below  the 
actual  outlet  and  furnished  with  long  spikes.  The  points  should  be  fixed  at  an  angle 
of  about  450,  point  outward;  or  an  arch  of  metal,  provided  with  points,  may  be  fixed 
across  the  mouth  of  the  chimney. 

Two  vertical  conductors  at  least,  kept  away  from  the  brick  wall  by  holdfasts,  should 
be  carried  down  to  a  thorough  "earth";  and  if  there  are  two  earths,  as  is  preferable, 
they  should  be  connected  by  a  metal  band. 

If  a  factory  chimney  has  an  internal  metal  shaft  part  of  the  way  up,  this  should  be 
well  earthed  at  the  bottom,  but  should  not  be  connected  to  or  form  part  of  the  lightning 
conductor  system  which  is  intended  to  receive  and  carry  off  the  flash. 

After  a  church  or  other  uninhabited  building  has  been  struck  by  a  flash,  or  whenever 
there  has  been  a  flash  in  the  near  neighborhood,  it  should  be  carefully  examined  and 
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attended  to  for  some  time  to  see  that  no  actual  ignition  of  gas  has  occurred,  owing  to 
the  puncture  of  a  compo  pipe  by  a  residual  spark  causing  and  igniting  an  accidental 
leak;  for  such  a  trifling  flame,  if  unattended  to,  may  spread. 

Every  building  in  the  immediate  neighborhood  of  a  flash  is  liable  to  such  small 
residual  sparks;  they  can  occur  even  between  well-earthed  systems  such  as  gas  and 
hot-water  pipes,  or  where  a  gas  pipe  is  crossed  by  a  bell  wire. 

Flagstaffs  on  Buildings. — Flagstaffs  on  buildings  should  be  provided  with  their 
own  conductors  efficiently  connected  to  earth,  or  be  connected  to  the  system  of  light- 
ning conductors  erected  on  the  same  building. 

Church  Spires  and  Lofty  Towers. — These  should  preferably  be  protected  by 
two  conductors. 

RULES  FOR  THE  ERECTION  OF  LIGHTNING  CONDUCTORS,  AS  ISSUED 
BY  THE  LIGHTNING  ROD  CONFERENCE  IN  1882;  WITH  OBSERVATIONS 
THEREON  BY  THE  LIGHTNING  RESEARCH  COMMITTEE,30  1905 

LIGHTNING  ROD  RULES,  1882 

Points. — The  point  of  the  upper  terminal  should  not  be  sharp,  not  sharper  than  a 
cone  of  which  the  height  is  equal  to  the  radius  of  its  base.  But  a  foot  lower  down  a 
copper  ring  should  be  screwed  and  soldered  on  to  the  upper  terminal,  in  which  ring 
should  be  fixed  three  or  four  sharp  copper  points,  each  about  6  inches  long.  It  is 
desirable  that  these  points  be  so  platinized,  gilded,  or  nickel  plated  as  to  resist 
oxidation. 

LIGHTNING  RESEARCH  COMMITTEE'S  OBSERVATIONS,  1905. 

It  is  not  necessary  to  incur  the  expense  of  platinizing,  gilding,  or  electroplating.  It  is 
desirable  to  have  three  or  more  points  beside  the  upper  terminal,  which  can  also  be  pointed; 
these  points  must  not  be  attached  by  screwing  alone,  and  the  rod  should  be  solid  and  not 
tubular. 

Upper  Terminals. — The  number  of  conductors  or  points  to  be  specified  will 
depend  upon  the  size  of  the  building,  the  material  of  which  it  is  constructed,  and 
the  comparative  height  of  the  several  parts.  No  general  rule  can  be  given  for  this; 
but  the  architect  must  be  guided  by  the  directions  given.  He  must,  however,  bear 
in  mind  that  even  ordinary  chimney  stacks,  when  exposed,  should  be  protected 
by  short  terminals  connected  to  the  nearest  rod,  inasmuch  as  accidents  often  occur 
owing  to  the  good  conducting  power  of  the  heated  air  and  soot  in  the  chimney. 

This  is  dealt  with  below  in  suggestion  j. 

Insulators.— The  rod  is  not  to  be  kept  from  the  building  by  glass  or  other  insu- 
lators, but  attached  to  it  by  metal  fastenings. 

This  regulation  stands. 

Fixing. — Rods  should  preferentially  be  taken  down  the  side  of  the  building  which 
is  most  exposed  to  rain.  They  should  be  held  firmly,  but  the  holdfast  should  not  be 
driven  in  so  tightly  as  to  pinch  the  rod,  or  prevent  the  contraction  and  expansion 
produced  by  changes  of  temperature. 

In  most  cases  it  would  be  advantageous  to  support  the  rods  by  holdfasts  {which  should 
be  of  the  same  metal  as  the  conductor)  in  such  a  manner  as  to  avoid  all  sharp  angles.  The 
vertical  rods  should  be  carried  a  certain  distance  away  from  the  wall  to  prevent  dirt  accumu- 

20  Report  of  the  Lightning  Research  Committee,  Journal  of  the  Royal  Institute  of  British  Architects, 
3d  series,  vol.  12,  1904-5,  p.  414. 
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lating,  and  also  to  do  away  with  the  necessity  of  their  being  run  round  projecting  masonry 
or  brickwork. 

Factory  Chimneys. — These  should  have  a  copper  band  round  the  top,  and  stout, 
sharp,  copper  points,  each  about  i  foot  long,  at  intervals  of  2  or  3  feet  throughout 
the  circumference,  and  the  rod  should  be  connected  with  all  bands  and  metallic 
masses  in  or  near  the  chimney.  Oxidation  of  the  points  must  be  carefully  guarded 
against. 

As  an  alternative  the  rods  above  the  band  might  with  advantage  be  curved  into  an  arch 
provided  with  three  or  four  points.  It  is  preferable  that  there  should  be  two  lightning 
rods  from  the  band  carried  down  to  earth  in  the  manner  previously  described.  Oxidation 
of  the  points  does  not  matter. 

Ornamental  Ironwork. — All  vanes,  finals,  ridge  ironwork,  etc.,  should  be  con- 
nected with  the  conductor,  and  it  is  not  absolutely  necessary  to  use  any  other  point 
than  that  afforded  "by  such  ornamental  ironwork,  provided  the  connection  be  perfect 
and  the  mass  of  ironwork  considerable.  As,  however,  there  is  risk  of  derangement 
through  repairs,  it  is  safer  to  have  an  independent  upper  terminal. 

Such  ironwork  should  be  connected  as  indicated  below  in  suggestion  3.  In  the  case  of 
a  long  line  of  metal  ridging  a  single  main  vertical  rod  is  not  sufficient,  but  each  end  of  the 
ridging  should  be  directly  connected  to  earth  by  a  rod.  Where  the  ridge  is  nonmetallic 
a  horizontal  conductor  {which  need  not  be  of  large  sectional  area)  should  be  run  at  a  short 
distance  above  the  ridge  and  be  similarly  connected  to  earth. 

Material  for  Rod. — Copper,  weighing  not  less  than  6  ounces  per  foot  run,  and  the 
conductivity  of  which  is  not  less  than  90  per  cent  of  that  of  pure  copper,  either  in  the 
form  of  tape  or  rope  of  stout  wires — no  individual  wire  being  less  than  No.  12  B.  W.  G. 
Iron  may  be  used,  but  should  not  weight  less  than  i\  pounds  per  foot  run. 

The  dimensions  given  still  hold  good  for  main  conductors.  Subsidiary  conductors  for 
connecting  metal  ridging,  etc.,  to  earth  may  with  advantage  be  of  iron  and  of  a  smaller 
gauge,  such  as  No.  4  S.  W.  G.  galvanized  iron.  The  conductivity  of  tlw  copper  used  is 
absolutely  unimportant,  except  that  high  conductivity  increases  the  surges  and  side  flashes , 
and  therefore  is  positively  objectionable.     It  is  for  that  reason  that  iron  is  so  much  better. 

Joints. — Although  electricity  of  high  tension  will  jump  across  bad  joints,  they 
diminish  the  efficacy  of  the  conductor;  therefore  every  joint,  besides  being  well 
cleaned,  screwed,  scarfed,  or  riveted,  should  be  thoroughly  soldered. 

Joints  should  be  held  together  mechanically  as  well  as  connected  electrically,  and  should 
be  protected  from  the  action  of  the  air,  especially  in  cities. 

Protection. — Copper  rods  to  the  height  of  10  feet  above  the  ground  should  be 
protected  from  injury  and  theft  by  being  inclosed  in  an  iron  pipe  reaching  some 
distance  into  the  ground. 

Painting. — Iron  rods,  whether  galvanized  or  not,  should  be  painted;  copper  ones 
may  be  painted  or  not  according  to  architectural  requirements. 

Curvature. — The  rod  should  not  be  bent  abruptly  round  sharp  corners.  In  no 
case  should  the  length  of  the  rod  between  two  points  be  more  than  half  as  long  again 
as  the  straight  line  joining  them.  Where  a  string  course  or  other  projecting  stonework 
will  admit  of  it,  the  rod  may  be  carried  straight  through,  instead  of  round  the  pro- 
jection. In  such  a  case  the  hole  should  be  large  enough  to  allow  the  conductor  to  pass 
freely,  and  allow  for  expansion,  etc. 

The  straighter  the  run  the  better.  Although  in  some  cases  it  may  be  necessary  to  take 
the  rod  through  the  projection,  it  is  better  to  run  outside,  keeping  it  away  from  the  structure 
by  means  of  holdfasts,  as  described  above. 
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Extensive  masses  of  metal. — As  far  as  practicable  it  is  desirable  that  the  con- 
ductor be  connected  to  extensive  masses  of  metal,  such  as  hot- water  pipes,  etc.,  both 
internal  and  external;  but  it  should  be  kept  away  from  all  soft  metal  pipes,  and  from 
internal  gas  pipes  of  every  kind.  Church  bells  inside  well-protected  spires  need  not 
be  connected. 

It  is  advisable  to  connect  church  bells  and  turret  clocks  with  the  conductors. 

Earth  connection. — It  is  essential  that  the  lower  extremity  of  the  conductor  be 
buried  in  permanently  damp  soil ;  hence  proximity  to  rain-water  pipes  and  to  drains, 
is  desirable.  It  is  a  very  good  plan  to  make  the  conductor  bifurcate  close  below  the 
surface  of  the  ground,  and  adopt  two  of  the  following  methods  for  securing  the  escape 
of  lightning  into  the  earth.  A  strip  of  copper  tape  may  be  led  from  the  bottom  of  the 
rod  to  the  nearest  gas  or  water  main — not  merely  to  a  lead  pipe — and  be  soldered  to 
it;  or  a  tape  may  be  soldered  to  a  sheet  of  copper  3  feet  by  3  feet  and  one-sixteenth 
inch  thick,  buried  in  permanently  wet  earth,  and  surrounded  by  cinders  or  coke  or 
many  yards  of  the  tape  may  be  laid  in  a  trench  filled  with  coke,  taking  care  that  the 
surfaces  of  copper  are,  as  in  the  previous  cases,  not  less  than  18  square  feet.  Where 
iron  is  used  for  the  rod,  a  galvanized-iron  plate  of  similar  dimensions  should  be 
employed. 

The  use  of  cinders  or  coke  appears  to  be  questionable  owing  to  the  chemical  or  electrolytic 
effect  on  copper  or  iron.  Charcoal  or  pulverized  carbon  (such  as  ends  of  arc-light  rods)  is 
better.  A  tubular  earth  consisting  of  a  perforated  steel  spike  driven  tightly  into  moist 
ground  and  lengthened  up  to  the  surface,  the  conductor  reaching  to  the  bottom  and  being 
packed  with  granulated  charcoal,  gives  as  much  effective  area  as  a  plate  of  larger  surface  and 
can  easily  be  kept  moist  by  connecting  it  to  the  nearest  rain-water  pipe.  The  resistance  of 
a  tubular  earth  on  this  plan  should  be  very  low  and  practically  constant. 

Inspection. — Before  giving  his  final  certificate  the  architect  should  have  the 
conductor  satisfactorily  examined  and  tested  by  a  qualified  person,  as  injury  to  it 
often  occurs  up  to  the  latest  period  of  the  works  from  accidental  causes,  and  often  from 
the  carelessness  of  workmen. 

Inspection  may  be  considered  under  two  heads: 

A.  The  conductor  itself. 

B.  The  earth  connection. 

A.  Joints  in  a  series  of  conductors  should  be  as  few  as  possible.  As  a  rule  they  should 
only  be  necessary  where  the  vertical  and  horizontal  conductors  are  connected,  and  the  main  con- 
ductors themselves  should  always  be  continuous  and  without  artificial  joints.  Connections 
between  the  vertical  and  horizontal  conductors  should  always  be  in  places  readily  accessible 

for  inspection;  visible  continuity  suffices  for  the  remainder  of  circuit.     The  electrical  testing 
of  the  whole  circuit  is  difficult,  and  needless. 

B.  The  electrical  testing  of  the  earth  can  in  simple  cases  be  readily  effected.  In  complex 
cases,  where  conductors  are  very  numerous,  tests  can  be  effected  by  the  provision  of  test  clamps 
of  a  suitable  design. 

Collieries. — Undoubted  evidence  exists  of  the  explosion  of  fire  damp  in  collieries 
through  sparks  from  atmospheric  electricity  being  led  into  the  mine  by  the  wire  ropes 
of  the  shaft  and  the  iron  rails  of  the  galleries.  Hence  the  headgear  of  all  shafts  should 
be  protected  by  proper  lighting  conductors. 

The  investigations  of  the  Committee  warrant  them  in  putting  forward  the  following 
practical  suggestions: 

1.  Two  main  lightning  rods,  one  on  each  side,  should  be  provided,  extending  from 
the  top  of  each  tower,  spire,  or  high  chimney  stack  by  the  most  direct  course  to  earth. 
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2.  Horizontal  conductors  should  connect  all  the  vertical  rods  (a)  along  the  ridge  or 
any  other  suitable  position  on  the  roof;  (b)  at  or  near  the  ground  line. 

3.  The  upper  horizontal  conductor  should  be  fitted  with  aigrettes  or  points  at  inter- 
vals of  20  or  30  feet. 

4.  Short  vertical  rods  should  be  erected  along  minor  pinnacles  and  connected  with 
the  upper  horizontal  conductor. 

5.  All  roof  metals,  such  as  finials,  ridging,  rain-water  and  ventilating  pipes,  metal 
cowls,  lead  flashing,  gutters,  etc.,  should  be  connected  to  the  horizontal  conductors. 

6.  All  large  masses  of  metal  in  the  building  should  be  connected  to  earth  either 
directly  or  by  means  of  the  lower  horizontal  conductor. 

7 .  Where  roofs  are  partially  or  wholly  metal  lined  they  should  be  connected  to  earth 
by  means  of  vertical  rods  at  several  points. 

8.  Gas  pipes  should  be  kept  as  far  away  as  possible  from  the  positions  occupied  by 
lightning  conductors,  and  as  an  additional  protection  the  service  mains  to  the  gas 
meter  should  be  metallically  connected  with  house  services  leading  from  the  meter. 

B.  GERMANY 

RULES  REGARDING  THE  PROTECTION  OF  BUILDINGS  AGAINST 

LIGHTNING 

[Issued  by  the  Elektrotechnischen  Verein  and  accepted  at  the  yearly  meetings  of  the  Verband  Deutscher 
Elektrotechniker  in  1901  and  1913.] 

i.  Lightning  rods  afford  protection  to  buildings  and  their  contents  against  damage 
or  fire  by  lightning.  Their  increased  use  should  therefore  be  encouraged  by  simplify- 
ing their  installation  and  lowering  their  cost. 

2.  A  lightning-rod  system  consists  of  (a)  aerial  terminals  or  receivers  for  the  lightning 
stroke,  (b)  conductors,  and  (c)  earth  connections. 

(a)  Aerial  terminals  or  receivers  should  consist  of  projecting  metallic  bodies,  sur- 
faces, or  conductors.  Those  points  at  which  lightning  is  known  by  experience  to 
strike,  such  as  tops  of  towers,  gables,  roof  ridges,  chimneys,  and  other  high  parts  of 
the  building,  should  be  converted  into  aerial  terminals  or  have  aerial  terminals 
installed  upon  them,  depending  upon  whether  or  not  they  are  of  metal  which  would 
permit  of  such  an  arrangement. 

(6)  The  conductors  which  form  the  metallic  connection  between  the  aerial  terminals 
and  the  earth  connections  should  go  around  the  building,  the  roof  especially,  and  if 
possible  on  all  sides,  and  then  be  led  to  the  earth  connections  by  the  shortest  path, 
avoiding  as  much  as  possible  all  sharp  curves. 

(c)  The  earth  connections  should  consist  of  metallic  conductors  connected  to  the 
lower  ends  of  the  conductors  on  the  buildings  and  should  descend  into  the  ground  and 
extend  as  far  as  practicable,  preference  being  given  to  places  where  the  earth  is  damp. 

3.  The  metallic  parts  of  buildings  and  masses  of  metal  in  and  upon  them — especially 
those  in  contact  with  the  earth  and  offering  large  surfaces  (such  as  pipes) — should,  as 
far  as  practicable,  be  connected  together  and  to  the  conductors.31 

Special  aerial  terminals  and  conductors  are  rendered  unnecessary  if  these  metallic 
parts  of  the  building  comply  with  the  requirements  mentioned  in  paragraphs  2,  5, 

31  Lightning  rods  which  are  not  connected  to  such  metallic  masses,  such  as  pipes,  lines,  etc.,  are  always 
incomplete  since  lightning  sometimes  flashes  over  to  the  latter.  The  words  "as  far  as  practicable"  apply 
to  those  cases  in  which  such  connections  may  be  permitted  only  under  restrictions  or  not  at  all,  due  to 
conditions  existing  at  the  particular  place  in  question. 
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and  6.  Both  for  perfecting  the  system  and  for  decreasing  cost,  the  question  of  utilizing 
pipes  as  conductors  should  be  considered  when  erecting  new  buildings,  making  use 
also  as  much  as  possible  of  all  the  metallic  parts  of  the  building  for  protective  purposes. 

4.  The  protection  afforded  by  a  lightning-rod  system  is  the  greater  the  more  com- 
pletely all  prominent  parts  of  the  building  are  supplied  with  aerial  terminals,  the 
larger  the  number  of  aerial  terminals  and  conductors,  and  the  greater  the  extent  of 
the  earth  connections.  As  a  rule  extended  metallic  parts  of  buildings,  especially 
those  which  lead  from  the  higher  points  to  earth,  contribute  to  the  lessening  of  damage 
by  lightning,  even  if  these  parts  have  been  installed  without  regard  to  their  use  in 
protection  against  lightning.  There  is  no  increase  of  danger  to  be  anticipated  because 
of  the  incompleteness  of  a  lightning-rod  system. 

5.  Interconnected  conductors  of  iron  should  not  be  less  than  50  square  mm  in  cross 
section;  conductors  which  are  designed  to  carry  an  entire  lightning  stroke  should 
not  be  less  than  100  square  mm  in  cross  section.  If  the  conductors  are  of  copper  one- 
half  of  this,  cross  section  is  sufficient;  for  zinc  about  one  and  one-half,  and  for  lead 
about  three  times  the  cross  section  of  iron  should  be  used.  The  form  of  conductors 
should  be  such  as  to  resist  weathering  or  corroding,  and  should  be  fastened  firmly  to 
the  building. 

6.  Connections  of  and  to  conductors  should  be  permanent,  strong,  of  good  electrical 
contact,  and  of  large  surface  where  possible.  Unwelded  or  unsoldered  joints  should 
possess  metallic  contact  surfaces  of  not  less  than  10  square  centimeters. 

7.  The  lightning  rods  should  be  periodically  inspected  in  order  that  their  good 
condition  may  be  preserved;  and  when  alterations  are  made  in  the  buildings  the 
necessity  of  alteration  in  the  lightning-rod  system  should  be  considered. 

C.  UNITED  STATES 

SUGGESTIONS  OF  THE  NATIONAL  BOARD  OF  FIRE  UNDERWRITERS  FOR 
PROTECTION  AGAINST  LIGHTNING  AS  RECOMMENDED  BY  THE 
NATIONAL  FIRE  PROTECTION  ASSOCIATION    (EDITION  OF  1913) 

Protection  against  lightning  is  usually  advisable  on  country  buildings,  on  isolated 
buildings,  and  on  all  buildings  wherever  located  having  elevated  features  such  as  tall 
chimneys,  steeples,  high-peaked  or  gabled  roofs,  and  flagpoles. 

Since  the  amount  of  protection  which  any  building  should  have  will  depend  upon 
its  location,  construction,  nature  of  its  occupancy,  and  the  value  of  the  building  as 
compared  with  the  expense  necessary  to  provide  the  protection,  definite  rules  can  not 
be  laid  down  for  the  installation  of  lightning  conductors,  but  the  following  general 
suggestions  should,  if  carried  out,  give  under  most  conditions  reasonable  protection. 

The  ordinary  conditions  causing  a  lightning  discharge  is  a  cloud  charged  with 
electricity  at  a  greatly  different  potential  from  that  of  the  earth.  The  difference  of 
potential  is  finally  sufficient  to  "break  down"  the  stratum  of  air  between  earth  and 
cloud,  and  an  electrical  discharge  takes  place.  The  resistance  of  the  air  stratum 
being  generally  less  between  cloud  and  tops  of  buildings  and  other  structures  than 
between  cloud  and  earth,  such  high  points  take  the  discharge,  and  unless  some  less 
resistive  path  is  provided  from  these  points  to  the  ground  than  the  structure  to  be 
protected,  the  lightning  will  follow  the  next  best  course  to  earth,  generally  causing 
damage  to  the  structure  and  frequently  starting  a  fire.  It  is  also  of  importance  to 
note  that  the  discharge  leaves  a  column  of  heated  air  between  earth  and  cloud.  This 
hot-air  column  may  be  blown  in  one  or  another  direction  and  very  likely  become  the 
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path  of  a  second  discharge,  since  it  has  less  resistance  than  the  surrounding  cooler  air. 
This  may  account  for  lightning  striking  a  structure  below  the  high  points. 

It  is  therefore  desirable  to  so  locate  the  conductors  forming  the  lightning  protection 
that  the  lightning  will  strike  these  and  be  carried  to  earth  instead  of  tearing  through 
the  structure  on  its  way  to  ground.  Such  an  arrangement  of  conductors  suggests  an 
enclosing  cage  with  the  bars,  of  course,  considerably  separated.  The  idea  of  protec- 
tion is,  therefore,  a  metallic  cage  with  air-terminal  projections  at  the  high  points  of 
the  structure  and  the  whole  protecting  cage  thoroughly  grounded.  Just  what  mate- 
rial is  employed  is  not  of  great  importance  provided  it  has  good  electrical  carrying 
capacity,  is  strong,  can  be  bent  and  jointed  readily,  and  is  not  liable  to  be  seriously 
affected  by  corrosion.  Undoubtedly  copper  in  tape  form  or  ordinary  galvanized-iron 
pipe  best  meets  these  conditions. 

Just  how  far  apart  the  conductors  should  be  will  depend  very  considerably  upon 
conditions,  and  no  general  rule  can  be  given  for  the  number  of  square  feet  of  ground 
area  protected  by  one  rod  which  will  safely  cover  all  cases.  Since  in  addition  to  the 
high  points  the  most  exposed  parts  of  a  structure  are  the  outposts  and  projections, 
extra  protection  is  needed  here,  while  a  much  wider  spacing  of  rods  might  be  sufficient 
along  the  sides  of  the  structure. 

In  general,  all-metal  buildings,  metal  chimneys  or  stacks  need  only  to  be  grounded. 

GENERAL  SUGGESTIONS  APPLYING  TO  ALL  STRUCTURES 

(a)  Conductors. — Note. — Either  copper  or  iron  is  satisfactory  for  conductors.  One 
advantage  of  iron  over  copper  is  its  higher  fusing  point,  but  iron  should  not  be  used 
in  locations  difficult  of  access  where  corrosion  is  likely  or  possible,  owing  to  the 
necessity  of  frequent  painting  to  guard  against  such  corrosion. 

i.  Conductors  when  made  of  copper  to  be  soft-drawn  in  the  form  of  either  tape  or 
stranded  cable.  Except  as  noted  below,  the  conductor  in  each  case  to  weigh  not 
less  than  6  ounces  per  foot.  Where  cable  form  is  used,  no  single  copper  wire  to  be 
less  than  No.  12  B.  &  S.  gauge,  while  if  of  tape  form  the  thickness  to  be  not  less  than 
three  thirty-seconds  of  an  inch. 

With  copper  conductors  having  a  total  weight  of  6  ounces  per  foot,  and  the  above 
dimensions,  the  cable  will  contain  19  No.  12  wires  and  the  tape  will  be  1  inch  wide 
by  three  thirty-seconds  of  an  inch  thick. 

When  used  on  residences,  barns,  stables,  stores,  and  similar  buildings  where  the 
maximum  height  of  any  point  does  not  exceed  60  feet,  and  where  corrosion  is  not 
liable  to  occur  to  any  extent,  copper  cable  to  weigh  not  less  than  3  ounces  per  foot, 
no  single  wire  being  less  than  0.046  inch  in  diameter. 

2.  Conductors  when  made  of  iron  to  be  in  the  form  of  either  heavy  tape  or  pipe. 
The  tape  conductor  to  weigh  not  less  than  \\  pounds  per  foot  and  to  be  not  less  than 
three  thirty-seconds  of  an  inch  thick.  If  pipe  is  used,  the  standard  weight  of  three- 
fourths-inch  pipe  would  be  satisfactory.  Iron  used  in  any  form  should  be  thoroughly 
galvanized  to  prevent  corrosion,  and  may  also  be  painted  if  desired. 

Heavy  tape  is  specified  to  guard  against  the  use  of  thin  sheet  which  would  be  more 
easily  destroyed  by  corrosion.  Pipe  is  specified  as  an  alternative  for  the  tape  as  it 
is  cheaper,  is  readily  obtainable,  and  can  be  easily  installed  using  the  ordinary  pipe 
fittings.  The  fittings  should,  of  course,  be  galvanized  as  well  as  the  pipe,  and  all 
pipe  ends  and  unused  outlets  on  fittings  should  be  tightly  plugged  in  order  to  pre- 
vent the  entrance  of  moisture  inside  the  pipes. 
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3.  Conductors  to  have  as  few  joints  as  possible,  these  to  be  mechanically  and 
electrically  secured  and  to  be  protected  from  corrosion. 

It  is  essential  that  the  conductors  be  continuous  and,  therefore,  the  fewer  the 
joints  and  the  better  these  are  protected  from  corrosion,  the  less  chance  of  crippling 
the  protection  due  to  a  break  in  the  conductors. 

4.  Conductors  never  to  be  insulated  but  to  be  fastened  securely  in  place,  suitable 
allowance  being  made  for  expansion,  by  clamps  of  same  material  as  conductor,  the 
vertical  rods  being  carried  a  sufficient  distance  from  the  wall  to  avoid  sharp  bends 
around  projecting  masonry  or  brickwork.  In  all  cases  as  straight  a  run  as  possible 
should  be  provided  and  the  conductors  should  incline  downward.  The  conductors 
should  never  be  run  through  iron  pipes. 

Sharp  bends  and  loops  in  an  upward  direction  are  liable  to  cause  the  lightning 
discharge  to  leave  the  conductors  at  these  points,  and  as  these  side  flashes  may  be 
dangerous,  care  should  be  taken  that  the  conductors  should  run  as  straight  as  pos- 
sible. Since  the  effect  of  the  lightning  discharge  in  the  conductors  is  practically 
the  same  as  that  produced  by  an  alternating  current,  it  is  obvious  that  the  conductors 
should  not  be  run  through  iron  pipes,  which  would  tend  to  choke  back  the  discharge 
due  to  induction  in  the  pipe. 

5.  Conductors  to  be  run  as  far  as  practicable  from  interior  piping. 

If  the  conductors  are  run  too  near  the  interior  pipe  system,  there  is  a  chance  that 
the  discharge  may  jump  from  the  conductors  to  the  pipe,  and  in  doing  so,  start  a 
fire.  The  best  way  to  avoid  this  is  evidently  to  keep  the  two  systems  as  far  apart 
as  practicable. 

(6)  Air  Terminals. — To  be  solid,  not  less  than  three-fourth  inch  in  diameter 
except  on  residences,  barns,  stables,  stores,  and  similar  buildings  where  they  may 
be  of  tubing  not  less  than  five-eights  inch  in  diameter  with  wall  thickness  not  less 
than  0.031  inch.  Terminals  to  extend  not  less  than  18  inches  above  the  point 
protected. 

The  distance  of  18  inches  specified  is  the  minimum  for  smaller  buildings.  On 
larger  buildings  it  is  desirable  to  have  the  rods  longer. 

(c)  Connections  to  Metal  Work  op  Structures. — 1.  All  exterior  metal  work, 
such  as  metal  roofs,  gutters,  ventilators,  railings,  chimney  hoods,  etc.,  to  be  con- 
nected with  the  lightning-rod  system  below  the  line  of  the  metal  work  itself  or  to  be 
separately  grounded  by  regular  conductors. 

Unless  all  such  metal  work  is  well  grounded  the  discharge  is  liable  to  jump  from 
this  part  to  other  conducting  parts  and  possibly  set  fire  to  intervening  combustible 
material. 

2.  All  interior  masses  of  metal  such  as  girders,  beams,  water  piping,  and  any 
structural  iron  or  steel,  though  under  no  consideration  gas  piping,  is  to  be  securely 
connected  to  the  system  at  their  highest  and  lowest  points,  the  connecting  bonds 
being  the  regular  conductor. 

This  suggestion  is  made  for  the  same  reasons  as  that  regarding  exterior  metal  work. 
(See  sec.  c-i  preceding.) 

The  electrical  resistance  of  pipe  joints  may  occasionally  be  sufficient  to  permit  a 
high-voltage  current  melting  the  pipe  at  that  point,  which  would  be  especially  dan- 
gerous in  case  of  gas  pipes,  for  the  arc  would  probably  at  the  same  time  ignite  the 
escaping  gas.  The  same  result  might  be  obtained  by  arcing  between  the  gas  pipe 
and  other  conductors  which  might  be  carrying  a  lightning  discharge.     It  is  therefore 
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best  not  to  connect  gas  piping  to  the  lightning-rod  system,  as  this  might  be  the  means 
of  leading  the  discharge  on  to  these  pipes  where  otherwise  they  might  not  be  affected. 

It,  however,  would  be  advisable  to  securely  bond  around  the  gas  meter  the  iron 
pipe  on  both  sides  on  the  meter,  being  careful  to  make  secure  electrical  connections 
between  the  pipe  and  the  bond. 

(d)  Grounding. — Note. — A  permanent  and  reliable  ground  is  absolutely  essential, 
and  by  far  the  best  ground  can  usually  be  secured  by  connection  to  underground 
metallic  water  piping.  When  this  is  impracticable,  ground  plates,  driven  pipes, 
or  the  equivalent,  are  recommended. 

i.  Connection  to  piping  to  be  made  preferably  by  soldering  the  conductor  into  a 
brass  plug  and  forcibly  screwing  the  plug  into  the  pipe  fitting,  or,  when  the  pipes  are 
cast  iron,  into  a  hole  tapped  into  the  pipe  itself;  or,  by  sweating  the  conductor  into  a 
lug  attached  to  an  approved  clamp  and  firmly  bolting  the  clamp  to  the  pipe  after  the 
rust  and  scales  have  been  removed. 

In  the  case  of  a  farm  biiilding  having  a  well  outside  and  a  pump-suction  pipe  run- 
ning to  the  building,  a  reasonably  good  ground  may  be  obtained  by  connecting  the 
conductor  to  the  pipe,  provided  the  pipe  at  some  point  is  in  earth  below  permanent 
moisture  level. 

The  idea  is  to  get  as  good  and  permanent  connection  to  the  underground  piping  as 
possible,  and  one  that  will  best  withstand  the  effects  of  corrosion.  It  is  desirable  to 
connect  to  two  or  more  lengths  of  pipe  in  order  to  guard  against  crippling  the  protec- 
tion by  injury  to  or  deterioration  of  a  single  connection. 

2.  Connection  to  ground  plates  to  be  made  by  riveting  and  soldering,  and  the  con- 
nection to  be  thoroughly  protected  against  corrosion  by  painting.  The  ground  plates 
to  be  of  copper  and  not  less  than  No.  16  Stubb  gauge,  about  3  feet  square,  and  buried 
below  the  permanent  moisture  level  with  about  2  feet  of  crushed  coke  or  charcoal 
above  and  below  it. 

A  heavy  iron  casting  having  a  superficial  area  of  at  least  12  square  feet  could  be 
used  in  place  of  the  plate.  The  conductor  should  be  connected  to  the  casting  by 
riveting  and  soldering,  and  the  casting  buried  the  same  as  the  ground  plate  above 
described. 

3.  Connection  to  driven  pipe  to  be  made  by  soldering  the  conductor  into  a  brass 
plug  and  forcibly  screwing  the  plug  into  a  couple  on  the  upper  end  of  the  pipe.  The 
lower  end  of  the  pipe  to  be  well  below  permanent  moisture  level. 

A  ground  plate  or  a  driven  pipe  properly  put  into  the  ground  is  undoubtedly  the 
most  satisfactory  alternative  for  the  underground  water-pipe  system,  but  is  not 
advised  when  the  pipe-system  ground  is  available. 

TALL  CHIMNEYS,  STACKS,  STEEPLES,  AND  SIMILAR  STRUCTURES 

(a)  Two  or  more  main  lightning  rods  equally  spaced  about  the  structure  to  be  pro- 
vided, extending  from  the  top  by  the  most  direct  course  to  the  ground. 

The  proper  number  of  rods  in  any  given  case  will  vary  somewhat  with  the  condi- 
tions. For  example,  a  flagpole  would  not  require  more  than  one  rod,  while  chimneys 
150  feet  or  more  high  should  have  one  rod  for  each  50  feet  of  height.  The  higher  the 
chimney  the  greater  the  cross-sectional  area  at  any  given  distance  from  the  ground, 
and  the  additional  rods  are  desired  in  order  not  to  expose  too  great  an  unprotected 
vertical  area  to  a  discharge. 

(6)  To  have  a  band  of  copper  or  iron  not  smaller  than  the  lightning  rods  around  the 
top  with  air  terminals  securely  attached  thereto  extending  3  feet  above  the  highest 
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point.     The  air  terminals  to  be  placed  at  intervals  not  exceeding  4  to  6  feet  around 
the  circumference  of  the  band. 

(c)  Additional  bands  to  be  provided  around  the  structure  at  or  near  the  ground 
line  and  at  intervals  of  25  to  50  feet,  all  such  bands  being  securely  connected  to  the 
lightning  rods. 

In  the  same  way  that  additional  vertical  rods  reduce  the  size  of  the  unprotected 
vertical  areas,  these  additional  bands  limit  these  areas  horizontally.  The  bands 
also  serve  to  connect  the  rods  together  at  frequent  intervals,  so  that  an  accidental 
break  in  one  rod  is  not  liable  to  be  as  serious  as  might  otherwise  be  the  case.  In  other 
words,  the  vertical  rods  are  thus  made  to  connect  in  combination  rather  than  sepa- 
rately. 

STRUCTURES  OTHER  THAN  CHIMNEYS,  STEEPLES,  ETC. 

(a)  Two  or  more  lightning  rods  should  be  provided  extending  from  the  top  by  the 
most  direct  course  to  the  ground,  so  spaced  that  they  will  not  be  over  50  to  75  feet 
apart. 

The  proper  number  of  rods  and  their  exact  spacing  will  depend  very  largely  upon 
the  conditions,  such  as  shape  of  structure,  the  exposure  with  reference  to  both  severity 
of  lightning  storms  and  direction  from  which  these  storms  usually  come.  In  general, 
the  most  exposed  parts  of  a  structure  are  the  outposts  and  projections,  and  here  it 
would  be  advisable  to  place  the  rods  somewhat  nearer  together  than  along  the  sides 
of  the  structure.  In  general,  it  would  not  be  advisable  to  carry  the  rods  through  the 
center  of  a  structure,  for  if  for  any  reason  it  becomes  broken  it  would  be  the  direct 
means  of  carrying  the  lightning  to  a  point  inside  the  structure  where  it  would  be 
almost  sure  to  set  fire. 

(b)  Horizontal  conductors  to  be  provided  connecting  the  vertical  rods  along  the 
ridge  or  any  suitable  position  on  the  roof  and  at  or  near  the  ground. 

The  horizontal  bonding  of  the  vertical  conductors  is  desirable  for  much  the  same 
reasons  as  given  for  the  horizontal  bands  around  chimneys,  and  these  horizontal  con- 
ductors serve  to  tie  the  system  together,  thus  carrying  out  the  idea  of  a  protecting  cage. 
It  is  considered  important  that  at  least  the  upper  and  lower  ends  of  the  vertical  rods 
be  thus  connected,  and,  in  general,  intermediate  bonding  would  not  be  necessary 
except  possible  for  very  high  structures. 

(c)  The  upper  horizontal  conductor  should  be  provided  with  air  terminals  at  inter- 
vals of  20  to  30  feet,  and  in  addition  air  terminals,  connected  with  the  horizontal  con- 
ductor to  be  provided  for  gables  or  other  projections  above  the  top  of  the  main 
structure.  Air  terminals  should  in  all  cases  extend  well  above  roofs  or  chimneys  and 
be  firmly  secured  in  an  upright  position. 

Air  terminals  assist  in  diverting  the  lightning  discharge  to  the  lightning-rod  system, 
and  therefore  it  is  an  advantage  to  have  them  placed  at  fairly  frequent  intervals. 

(d)  Where  trees  stand  so  close  to  a  building  that  branches  overhang  or  approach 
very  close  to  the  roof,  a  conductor  with  proper  earth  terminal  to  extend  along  the 
trunk  of  each  of  several  such  trees  to  the  highest  branch  top  fastened  by  a  band 
around  the  branch  or  trunk,  would  probably  give  all  necessary  protection  under 
average  conditions.  It,  however,  would  be  advisable  to  connect  these  rods  together 
at  the  bottom  by  a  substantial  conductor  laid  underground. 

Care  should  be  taken  to  protect  as  far  as  possible  this  underground  bond  connection 
against  corrosion.  Probably  well-galvanized  three-fourths-inch  iron  pipe,  or  copper 
in  tape  form  would  best  serve  the  purpose. 

The  above  method  might  be  used  for  the  protection  of  trees  wherever  located. 
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SUGGESTED  LIGHTNING  PROTECTION  FOR  OIL  TANKS  BY  THE  LOUIS- 
IANA FIRE  PREVENTION  BUREAU 

The  following  recommendations  apply  in  general  to  all  large  tanks  located  above 
ground  such,  as  are  used  for  the  storage  of  crude  petroleum  or  fuel  oil,  and  are 
intended  to  describe  an  acceptable  method  of  placing  on  the  tanks  a  system  of  con- 
ductors which  will  insure  a  low-resistance  path,  other  than  the  tank  or  its  connections, 
for  a  lightning  discharge  to  the  earth. 

Materials  used  and  methods  employed  should,  where  not  specified  in  detail  herein, 
conform  to  the  Suggestions  of  the  National  Bureau  of  Fire  Underwriters  for  Protection 
Against  Lightning,  a  copy  of  which  suggestions  will  be  furnished  on  request. 

Conductors  used  should  be  of  soft-drawn  copper,  weighing  not  less  than  6  ounces 
per  foot.  It  is  suggested  that  a  conductor  be  placed  on  and  around  the  top  of  the 
tank  as  near  the  edges  as  possible,  the  ends  jointed  together  to  form  a  circle.  Two 
other  conductors  should  be  passed  over  the  top  through  the  center  and  at  right  angles 
to  each  other,  the  four  ends  carried  vertically  down  the  sides  of  the  tank  into  the 
earth,  there  terminating  in  a  satisfactory  and  permanent  ground  connection.  It  is 
absolutely  essential  that  a  permanent  and  reliable  ground  be  secured,  and  connec- 
tion to  an  underground  piping  system  is  by  far  the  best  that  can  usually  be  obtained. 
Where  this  is  impracticable  ground  plates  or  equivalent  are  recommended.  Ground 
plates  or  other  ground  terminals  must  be  well  below  the  level  to  which  oil  has  pene- 
trated, and  in  no  case  less  than  15  feet  below  the  surface.  Plans  for  obtaining  ground 
connections  should  be  submitted  for  approval  before  being  carried  out. 

Wherever  conductors  cross  each  other  they  should  be  firmly  connected  together, 
and  a  vertical  air  terminal  of  heavier  copper  and  not  less  than  5  feet  high  should  be 
placed  at  each  crossing  point  and  connected  to  both  conductors;  also  an  air  terminal 
should  extend  3  feet  above  the  vent  pipe,  or  any  other  vertically  projecting  portion  or 
attachment  of  the  tank,  and  connected  by  the  shortest  line  to  the  conductors  on  the 
top  of  the  tank ;  all  conductors  to  have  a  downward  trend  where  possible.  The  vent 
pipe  should  preferably  be  carried  down  into  the  ground  and  terminate  some  distance 
away,  not  less  than  twice  the  diameter  of  the  tank,  and  its  outlet  covered  with  copper 
gauze.  If  this  can  not  be  done,  the  vent  pipe  should  terminate  in  a  T  fitting  with 
short  pieces  of  pipe  extending  in  each  direction  and  an  elbow  fitting  placed  on  each 
end  so  as  to  give  the  horizontal  arms  a  downward  turn,  the  end  of  each  arm  being  cov- 
ered with  copper  gauze.  The  object  of  this  arrangement  is  to  distribute  the  column 
of  vapor  or  gas  from  the  vent  pipe,  as  it  is  thought  that  this  column  of  gas  tends  to 
attract  a  lightning  discharge.  The  copper  gauze  is  intended  to  prevent  the  firing  of 
the  contents  of  the  tank  by  a  discharge. 

In  installing  the  conductors  there  should  be  as  few  joints  as  possible,  these  and  all 
connections  to  be  mechanically  and  electrically  secured  and  to  be  protected  from 
corrosion. 

Conductors  should  be  firmly  attached  to  the  surface  of  the  tank  by  means  of  clamps 
of  same  material  as  conductor,  making  secure  mechanical  and  electrical  connection, 
the  distance  between  supports  to  be  not  more  than  4  feet.  Care  should  be  taken  to 
avoid  all  sharp  kinks  or  bends,  and  vertical  rods  should  be  carried  a  sufficient  distance 
from  the  side  to  avoid  a  sharp  bend  or  curve  where  carried  from  the  side  to  the  roof  of 
the  tank.     Conductors  should  never  be  run  through  iron  pipes. 
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CLAUSES  REGARDING  PROTECTION  AGAINST  LIGHTNING  FROM  BUILD- 
ING AND  CHIMNEY  CONTRACTS  OF  THE  UNITED  STATES  NAVY  DE- 
PARTMENT 

LIGHTNING  PROTECTION  FOR  BUILDINGS 

Lightning  protection  shall  consist  of  J^-inch  copper  cables,  seven  strands  of  seven 
■wires  0.057068  inch  diameter,  secured  to  walls  and  roof  in  an  approved  manner.  All 
sharp  junction  angles  shall  be  avoided,  and  all  splices  shall  be  long  and  soldered.  One 
point  shall  be  placed  at  each  end  of  ridge  and  one  at  each  ventilator.  Points  at  ven- 
tilators shall  be  secured  to  the  side  of  same  in  an  approved  manner.  Points  shall 
extend  36  inches  above  tops  of  ventilators  or  apex  of  roof,  as  the  case  maybe.  All 
points  shall  be  connected  to  main  cable  along  apex  or  roof,  ventilator  points  being 
double  or  Y  connected.  Main  cable  shall  be  electrically  connected  to  steel  trusses  at 
two  points.  Aerials  shall  consist  of  ^mch.  galvanized-iron  pipe  and  couplings  topped 
with  ^-inch  galvanized  wrought-iron  point  6  inches  long.  Grounding  shall  be  made 
through  four  cables  grounded  where  the  rain  leaders  discharge.  The  two  intermedi- 
ate cables  shall  be  double  or  Y  connected  to  main  cable.  Grounds  shall  be  made  as 
follows:  Separate  the  strands  of  the  cable  for  a  distance  of  about  1  foot.  Copper  rivet 
and  solder  to  the  end  of  each  strand  a  sheet-copper  plate  0.05  inch  thick,  6  inches 
wide,  and  36  inches  long.  Assemble  the  plates  edgewise,  radially,  and  pack  in  about 
6  inches  broken  coke,  walnut  size,  thoroughly  wetted  and  tamped.  Grounds  shall 
be  4  feet  below  finished  grade  unless  rock  is  encountered  at  a  less  depth.  All  work 
under  this  head  shall  be  in  general  accordance  with  similar  work  already  installed  at 
the  magazine  and  shall  be  subject  to  approval  of  the  officer  in  charge. 

CHIMNEYS 

Lightning  Conductors. — The  chimney  shall  be  protected  against  lightning  by 
two  conductors  terminating  at  the  top  of  the  chimney  in  six  points  6  feet  long  and 
connected  at  the  ground  with  two  well-grounded  copper  plates  of  ample  dimensions. 
The  two  cables  for  lightning  conductors  shall  each  be  composed  of  49  pure-copper 
wires,  72  mils  in  diameter,  divided  into  seven  strands  with  the  strands  twisted  to- 
gether to  form  cables  ^4  inch  in  diameter.  The  riser  or  vertical  portions  of  the  two 
conductor  cables  shall  be  secured  to  the  outside  of  the  chimney;  two  horizontal  circles 
made  of  the  same  kind  of  cable  as  the  main  conductors  shall  be  permanently  secured 
to  the  chimney,  the  upper  one  at  an  elevation  near  the  top  of  the  chimney  and  the 
lower  one  about  10  feet  above  the  foundation;  the  risers  shall  be  permanently  secured 
to  the  chimney. 

Conductor  Grounds. — The  contractor  shall  furnish,  place,  and  connect  a  copper 
ground  plate  for  each  of  the  two  conductors,  the  plates  to  be  of  ample  proportions  and 
be  efficiently  connected  and  grounded.  The  elevation  of  mean  low  water  is  25  feet 
below  the  top  of  the  chimney  foundation. 

Conductor  Points. — The  upper  horizontal  conductor  circle  shall  be  fitted  with 
six  equally  spaced  vertical  point  rods,  each  j/i  inch  in  diameter,  6  feet  long,  with  tips. 
The  tips  shall  each  be  of  hard  bronze,  2  feet  in  length,  the  upper  foot  to  be  covered 
with  pure  platinum.  All  splices  and  contacts  shall  be  hard  soldered  in  a  manner 
to  secure  most  perfect  contact. 

Conductor  Fasteners. — Conductor  points,  circles,  and  those  portions  of  the 
risers  which  are  elsewhere  specified  to  be  permanently  secured  to  the  chimney  shall 
be  fastened  in  place  with  Bajohr's  patent  or  equal  bronze  anchor  fastenings,  the  fasten- 
ings to  be  inserted  in  the  joints  of  the  masonry  work  during  the  construction  of  the 
chimney  and  be  at  intervals  of  not  over  18  inches  for  the  horizontal  and  5  feet  for 
the  vertical  portions,  respectively. 
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LIGHTNING 

The  injuries  inflicted  by  lightning  consist  of  electric  shocks  of 
greater  or  less  severity  which  may  be  combined  with  burns,  and 
in  some  cases  tearing  of  the  flesh,  apparently  by  an  explosive  action 
of  the  discharge.  First-aid  treatment  for  injuries  by  lightning 
is  the  same  as  that  for  other  electric  shocks  and  burns.  The  fol- 
lowing paragraphs  describing  the  essentials  of  first-aid  treatment 
for  persons  who  have  been  subjected  to  electric  shocks  and  burns 
have  been  taken  from  the  American  Red  Cross  Abridged  Textbook 
on   First  Aid,   by  Maj.   Charles   Lynch,   Medical   Corps,   United 

States  Army: 

SYMPTOMS  OF  ELECTRIC  SHOCK 

Sudden  loss  of  consciousness  when  the  electrical  current  passes  through  the  body. 
Shallow  breathing  and  weak  pulse. 

Burns  of  parts  of  the  body  are  common.  Little  difficulty  should  be  experienced 
in  making  out  cause  of  injury. 

HOW  TO  TREAT  PATIENT 

Many  cases  of  electric  shock  from  powerful  currents  will  be  hopeless  from  the 
beginning.  It  is  impossible  to  tell  this  at  first,  however,  and  in  every  case,  there- 
fore, an  attempt  should  be  made  to  save  the  life  of  the  patient  by  prompt  treatment. 

Send  for  a  doctor. 

Loosen  clothing  around  neck,  chest,  and  abdomen.  Place  the  patient  on  his 
back  with  a  rolled-up  coat,  a  small  log,  or  some  other  object  of  the  same  shape  under 
the  shoulders  so  as  to  throw  the  chest  up.  Press  on  the  left  chest  and  upper  part 
of  the  abdomen  about  20  times  per  minute.  Pressing  down  firmly,  then  taking  off 
pressure,  and  then  applying  it  again.  This  stimulates  the  heart,  as  well  as  helps 
to  start  breathing.  Pull  out  tongue  by  grasping  it  with  dry  cloth.  Have  some  one 
else  hold  it  out.  Or  if  alone,  if  possible,  tie  in  this  position  with  a  bandage  or  rubber 
over  the  tongue  and  under  the  jaw.  The  reason  for  pulling  the  tongue  forward  is 
because  in  an  unconscious  person  it  is  likely  to  fall  back  and  block  the  windpipe. 
Perform  artificial  respiration.  The  Sylvester  method  is  one  of  the  best.  Kneel  just 
above  patient's  head,  catch  both  his  arms  just  below  the  elbows.  Draw  the  arms 
outward  and  upward  gently  and  steadily  and  hold  them  as  far  as  they  will  go  above 
head  for  about  two  seconds.  This  motion  opens  and  expands  the  chest  to  the  greatest 
possible  extent.  This  is  due  to  the  fact  that  certain  muscles  are  attached  to  both 
arms  and  ribs,  and  when  the  arms  are  raised  these  muscles  raise  the  ribs  and  so  enlarge 
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the  chest.  Then  bring  the  arms  down  till  the  elbows  press  against  the  chest;  a  little 
pressure  will  diminish  the  size  of  the  elastic  chest  as  much  as  possible.  Do  this  for 
about  two  seconds.  Continue  these  motions  about  15  times  per  minute.  Keep  this  up 
till  the  patient  begins  to  breathe  himself.  Artificial  respiration  when  done  properly 
is  hard  work  for  the  operator  and  he  should  be  relived  by  some  one  else  as  soon  as 
he  grows  tired. 

Another  excellent  method  of  artificial  respiration  is  called  the  prone  pressure 
method.  The  patient  lies  face  down.  The  operator  kneels  by  his  side,  places  his 
hands  across  the  lowest  ribs  and  swings  his  body  forward  and  backward  so  as  to  allow 
his  weight  alternately  to  fall  vertically  on  the  wrists  and  to  be  removed;  in  this  way 
hardly  any  muscular  exertion  is  required.  The  size  of  the  chest  being  diminished 
forces  the  air  from  the  lungs.  The  elastic  chest  then  springs  back  and  the  air  enters 
the  lungs.     The  rate  is  15  per  minute. 

Artificial  respiration  should  be  kept  up  for  at  least  an  hour.  Ammonia  on  a  sponge 
or  handkerchief  put  under  but  not  on  the  patient's  nose  will  help  revive  him.  At 
the  same  time  that  one  or  two  persons  are  performing  artificial  respiration,  without 
interfering  with  them,  others  should  cover  the  patient  with  a  dry  coat  or  blankets. 
As  soon  as  the  patient  begins  to  breathe  himself,  but  not  before,  his  limbs  should 
be  well  rubbed  toward  the  heart  under  the  blankets.  This  will  help  to  restore  the 
circulation. 

When  the  patient  is  partially  restored,  he  may  have  a  chill  and  vomit.  If  he 
vomits  while  on  his  back,  he  must  be  turned  on  his  right  side  so  that  the  vomited 
matter  will  not  enter  the  windpipe.  He  should  afterwards  be  put  to  bed  well  covered 
and  surrounded  with  hot  bottles.  The  windows  should  be  opened  so  that  he  may 
have  plenty  of  air.  After  the  danger  is  over  the  patient  should  be  allowed  to  sleep 
quietly.  He  will  feel  very  nervous  and  shaken  for  a  time  and  should  be  given  abso- 
lute rest  till  he  recovers  from  this  condition.  No  food  except  hot  beef  tea  should 
be  given  for  several  hours.  Hot  coffee,  however,  is  useful  as  soon  as  the  patient 
can  swallow  and  retain  it.  It  is  possible  for  those  who  have  received  an  electric 
shock  which  does  not  render  them  unconscious  to  perform  artificial  respiration  of  a 
sort  on  themselves  and  so  to  recover  without  further  treatment.  This  is  done  by 
raising  the  upper  extremities  and  lowering  them  again  and  again  while  taking  deep 
breaths. 

WARNING 

If  the  breathing  stops  at  any  time  after  it  has  begun,  you  must  immediately  start 
again  with  artificial  respiration. 

BURNS  AND  SCALDS 

Burns  result  from  exposure  of  the  body  to  dry  heat,  such  as  a  fire,  While  scalds  are 
produced  by  moist  heat  in  the  form  of  hot  water,  steam,  etc.  With  either,  the  injury 
may  be  confined  to  the  skin  alone  or  it  may  extend  deeper.  With  burns  all  the  tissues 
of  the  body  may  be  charred  down  to  the  bone  and  with  scalds  all  the  tissues  may  be 
actually  cooked.  With  either  the  danger  will  depend  upon  the  depth,  extent,  and  part 
injured,  as  well  as  on  the  age  of  the  injured  person.  Both  burns  and  scalds  of  the 
throat  and  windpipe  are  especially  dangerous,  as  the  swelling  of  the  injured  part  is 
likely  to  result  in  suffocation. 
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PUTTING  OUT  FIRES 

A  fire  almost  anywhere  may  be  easily  put  out  when  it  starts,  whereas  a  very  few 
moments'  delay  may  result  in  so  big  a  fire  that  nothing  can  be  done  to  subdue  it  until 
it  has  burned  everything  inflammable  within  reach.  It  is  clear,  therefore,  that 
everyone  should  act  promptly  in  case  of  fire. 

At  first  a  fire  may  be  smothered  by  a  few  buckets  of  water  or  by  throwing  blankets 
or  woolen  clothing  upon  it.  Sand,  ashes,  or  dirt  will  all  quickly  smother  a  fire.  One 
of  these  should  always  be  used  instead  of  water  on  burning  oil,  as  water  will  spread  the 
oil  and  the  fire.  Anything  hanging  should,  when  possible,  be  pulled  down  before 
attempting  to  smother  the  fire  in  it.  A  bucket  brigade  will  often  prove  valuable  in 
putting  out  a  fire.  This  should  consist  of  two  lines  of  men  from  the  nearest  water  sup- 
ply to  the  fire.  The  men  in  one  line  pass  buckets,  pitchers,  or  anything  else  that  will 
hold  water  from  one  to  another  till  the  last  man  throws  the  water  on  the  fire.  He 
returns  the  buckets  to  the  water  supply  by  the  other  line.  Remember  that  a  draft 
will  fan  a  fire,  and  therefore  keep  everything  closed  as  much  as  possible  to  prevent 

drafts. 

RESCUE  OF  PERSONS  AT  FIRES 

While  searching  through  a  burning  place  it  will  be  best  to  tie  a  wet  handkerchief 
or  cloth  over  the  nose  and  mouth.  Remember  that  the  air  within  6  inches  of  the  floor 
is  free  from  smoke,  so  when  unable  to  breathe  crawl  along  the  floor  with  the  head  low, 
dragging  anyone  you  have  rescued  behind  you.  Crawl  backward  in  the  same  way 
down  a  staircase  or  any  slope. 

EXTINGUISHING  BURNING  CLOTHING 

If  your  own  clothing  catches  on  fire  when  you  are  alone,  do  not  run  for  help,  as  this 
this  will  fan  the  flames  and  make  them  burn  fiercer. 

Lie  down  on  the  floor  and  roll  up  as  tightly  as  possible  in  a  rug,  shawl,  overcoat, 
blanket,  or  other  woolen  cloth,  leaving  only  the  head  out.  If  nothing  can  be  obtained 
in  which  to  wrap  up,  lie  down  and  roll  over  slowly,  at  the  same  time  beat  out  the  fire 
with  the  hands.  If  another  person's  clothing  catches  fire,  throw  him  to  the  ground 
and  smother  the  fire  with  a  coat,  blanket,  rug,  or  the  like. 

SYMPTOMS  OF  BURNS  AND  SCALDS 

Severe  burning  pain.  Depending  on  depth  of  injury:  Reddening  of  skin;  forma- 
tion of  blisters,  or  destruction  of  the  skin  and  some  of  the  tissues  beneath  it.     Shock. 

TREATMENT 

When  the  skin  is  simply  reddened:  Exclude  air  by  a  thin  paste  made  with  water 
and  bicarbonate  of  soda  (baking,  not  washing  soda),  starch,  or  flour.  Ordinary 
vaseline  or  carbolized  vaseline,  olive  or  castor  oil,  and  fresh  lard  or  cream  are  all 
good.  One  of  the  substances  mentioned  should  be  smeared  over  the  burned  part 
and  on  a  cloth  used  to  cover  it.  A  light  bandage  should  be  put  on  to  hold  this 
dressing  in  place.     The  services  of  a  doctor  will  hardly  be  required  for  such  injuries. 

When  blisters  have  formed:  Treatment  may  be  the  same,  but  if  the  blistering  is 
very  extensive  it  will  be  best  to  show  this  injury  to  a  doctor. 
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Destruction  of  the  skin  and  some  of  the  tissues  beneath  it:  Deep  burns  require 
prompt  attention  from  a  physician.  Pending  his  arrival  they  may  be  treated  by  the 
application  of  the  dressing  which  has  been  described  or  like  an  open  wound.  A 
specially  valuable  dressing  material  for  such  burns,  or  in  fact  for  all  burns,  is  picric 
acid  gauze,  which  is  applied  in  the  form  of  a  compress,  which  should  be  bandaged 
in  place  like  any  other  compress. 

Besides  the  burns  which  have  been  described,  burns  are  frequently  caused  by 
strong  acid  and  alkalies.  The  symptoms  of  burns  by  acids  and  alkalies  are  the  same 
as  of  burns  caused  by  heat. 

With  either,  wash  off  as  quickly  as  possible;  best  under  a  water  tap. 

Acids:  While  washing  injury,  have  limewater  procured  or  make  a  mixture  of  baking 
soda  and  water  or  get  soapsuds  and  apply  freely.  If  acid  has  entered  the  eye,  wash 
it  as  quickly  as  possible  with  water  and  then  with  limewater. 

Alkalies:  Wash  in  same  way  as  with  acid  burns.  Neutralize  with  vinegar,  lemon 
juice,  or  hard  cider.  Lime  burns  of  the  eye  should  be  washed  out  with  a  weak  solu- 
tion of  vinegar  and  water  or  with  olive  oil. 

With  both  acid  and  alkali  burns,  after  neutralizing,  treat  like  other  burns.  In 
severe  burns  of  this  character  always  see  a  doctor,  and  when  either  acid  or  alkali 
has  entered  the  eye  secure  the  services  of  a  doctor  as  soon  as  possible.     Treat  shock. 

ELECTRIC  BURNS 

The  subject  of  electric  shock  is  treated  at  length  under  the  proper  heading.  Here, 
however,  it  is  necessary  to  call  attention  to  the  fact  that  the  local  effect  produced  by 
contact  with  an  electric  current  is  a  burn.  THis  burn  may  be  superficial  or  deep, 
depending  on  the  strength  of  the  current  and  the  duration  of  contact.  Frequently 
such  burns  are  deep.  Treatment  of  electrical  burns  should  be  exactly  the  same  as 
for  other  burns. 

WARNING 

In  all  burns,  whatever  the  cause,  use  care  in  removing  the  clothing.  When  the 
clothing  sticks  to  a  burn,  do  not  drag  it  off,  cut  around  the  part  that  sticks  and  soak 
it  off  later  with  oil. 
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DIFFERENCE  IN  WEIGHT  BETWEEN  RAW  AND  CLEAN 

WOOLS 


By  Walter  S.  Lewis 


1.  PURPOSE  OF  THE  INVESTIGATION 

This  investigation  was  made  (i)  to  obtain  some  definite  knowl- 
edge as  to  the  shrinkage  of  some  of  the  foreign  raw  wools  imported 
into  this  country,  (2)  to  ascertain  the  shrinkage  variation  in  two 
samplings  of  the  same  fleece,  and  (3)  the  difference  in  shrinkage 
between  two  fleeces  of  the  same  breed  of  sheep  which  were  grown 
in  the  same  section  of  country.  Raw  wool  may  contain  from  15 
to  80  per  cent  of  grease  and  dirt,  according  to  the  breed  of  the  sheep 
from  which  it  is  shorn,  the  kind  of  food  upon  which  the  sheep  has 
lived,  character  of  the  country  with  reference  to  grass,  sand  storms, 
climatic  conditions,  and  many  other  causes.  The  knowledge  of 
the  shrinkage  is  an  important  factor  in  purchasing,  as  it  affects 
the  price  to  be  paid  and  the  quantity  of  clean  wool  to  be  expected 
after  scouring. 

2.  MEANING  OF  THE  TERM  "SHRINKAGE" 

The  term  "shrinkage,"  as  used  in  this  paper  means  the  total 

loss,  by  weight,  of  all  grease  and  dirt  taken  out  when  the  wool  is 

scoured. 

3.  SOURCE  OF  MATERIALS 

The  fleeces  employed  in  this  investigation  were  secured  from  the 
Departments  of  Agriculture  of  1  South  Australia  and  New  Zea- 
land through  the  courtesy  of  the  Commercial  Museum  of 
Philadelphia. 

1  The  wool  was  selected  by  the  School  of  Mines  wool  expert  in  the  ordinary  commercial  way,  is  repre- 
sentative of  the  staple,  and  is  in  nowise  to  be  regarded  as  an  exhibit  of  the  State's  best  wools,  the  fleeces 
being  taken  from  bulk  and  packed  without  any  further  handling. 
6940°— 15 
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4.  METHOD  OF  SAMPLING  FLEECES 

Entire  fleeces  were  not  tested,  but  large  handfuls  of  wool  were 
selected  from  10  different  parts  of  each.  The  samples  thus 
obtained  were  drawn  from  parts  well  distributed  over  the  whole 
fleece  (not  including  the  skirts)  and  therefore  gave  the  average. 
Then  one-half  of  each  handful  was  placed  together  as  one  sample 
and  is  designated  as  "A"  and  the  remaining  portion  of  the  sample 
marked  "  B  "  and  held  for  further  reference. 

5.  METHOD  EMPLOYED  IN  EXTRACTING  THE  WOOL  GREASE  AND  DIRT 

The  extraction  of  the  grease  was  accomplished  by  scouring  in 
warm  water  containing  pure  olive-oil  soap,  thoroughly  washing 
out  the  soap,  and  then  extracting  the  remnant  grease  with  ether. 
The  loss  in  weight  of  the  original  raw  wool  by  these  processes  is 
therefore  called  the  shrinkage  and  the  pure  wool  fiber  remains. 

6.  WEIGHINGS 

All  determinations  of  weight,  both  upon  the  raw  and  thoroughly 
cleaned  samples  of  wool  were  made  in  an  atmosphere  of  65  per 
cent  relative  humidity  at  700  F  temperature. 

7.  COMMERCIAL  PRACTICES 

The  usual  method  of  determining  shrinkage  is  for  expert  buyers 
to  estimate  by  the  appearance  and  the  feeling.  In  commercial 
scouring  there  remains  between  1  and  3  per  cent  of  the  wool 
grease;  therefore,  to  arrive  at  the  shrinkage  which  would  obtain 
in  ordinary  mill  practice  from  1  to  3  per  cent  must  be  subtracted 
from  the  shrinkage  results  shown  in  the  tables  of  this  paper. 

8.  SUMMARY  OF  RESULTS 

1.  The  49  fleeces  herein  described  were  carefully  sampled  and 
thoroughly  cleansed  of  all  grease  and  dirt,  the  results  showing 
shrinkages  from  19.5  to  54  per  cent,  according  to  the  breed  of 
sheep. 

2.  In  the  South  Australian  wools  the  greatest  shrinkage  differ- 
ence between  two  determinations  upon  samples  drawn  in  the  same 
manner  from  the  same  fleece  was  3  per  cent,  while  for  the  New 
Zealand  wools  the  largest  difference  was  6  per  cent.  These 
differences  were  calculated  on  the  basis  of  raw-wool  weight.  This 
percentage  variation  within  individual  fleeces  seems  large,  espe- 
cially when  the  sampling  was  performed  as  described  in  the  begin- 
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ning  of  this  article.  If  a  sample  had  been  drawn  from  one  part 
of  the  fleece  and  another  had  been  drawn  from  an  entirely  different 
place,  greater  percentage  variations  would  undoubtedly  have 
occurred. 

3.  The  difference  in  shrinkage  between  two  fleeces  of  the  same 
breed  of  sheep  grown  in  the  same  location  was  found  to  be  as 
great  as  9.5  per  cent.  The  results  of  such  tests  upon  13  different 
breeds  of  sheep  showed  a  mean  variation  of  4.5  per  cent  in  the 
shrinkage. 

TABLE  1 

Weight  of  Fleece,  Shrinkage,  and  the  Percentage  of  Difference  Between  the  Two 
Samples  A  and  B  Selected  From  the  Same  Fleece 

SOUTH  AUSTRALIAN  WOOLS 


Class  of  sheep 


Lincoln  merino  come  back 
Lincoln  merino  half-bred . . 
Leicester  merino  half-bred 

Medium  merino 

Strong  merino 

Lincoln  merino  half-bred . . 
Leicester  merino  half-bred 

Fine  merino 

Medium  merino 

Lincoln  merino  come  back 

Strong  merino 

Fine  merino 

Romney  merino  half-bred. 

Lincoln  full-blood 

Romney  marsh  pure 

Leicester  full-blood 

Romney  merino  half-bred. 

Leicester  full-blood 

Romney  marsh  (pure) 

Lincoln  full-blood 


Weight 

of 
fleece 


Pounds 

8.0 
11.4 

6.4 

8.4 
10.6 

7.8 

7.3 

6.8 

6.0 

5.1 

6.3 

5.3 

5.8 
12.1 

8.1 

9.8 

5.5 
11.6 

7.1 
13.3 


Percentage  shrinkage 

Sample 
A 

Sample 
B 

Differ- 
ence 

45 

45 

0 

46 

44 

2 

40 

40 

0 

40 

40 

0 

38 

39 

1 

38 

38 

0 

37 

37 

0 

36 

36 

0 

34 

36 

2 

33 

34 

1 

33 

33 

0 

33 

33 

0 

31 

31 

0 

30 

30 

0 

27 

28 

1 

28 

27 

1 

26 

27- 

1 

26 

26 

0 

23 

22 

1 

19 

22 

3 

Percent- 
age 

shrink- 
age of 
fleece 


45 

45 

40 

40 

38.5 

38 

37 

36 

35 

33.5 

33 

33 

31 

30 

27.5 

27.5 

26.5 

26 

22.5 

19.5 
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TABLE  1— Continued 

NEW  ZEALAND  WOOLS 


Class  of  sheep 


Weight 

Percentage  shrinkage 

of 
fleece 

Sample 
A 

Sample 
B 

Differ- 
ence 

Pounds 

9.6 

53 

55 

2 

9.6 

51 

51 

0 

8.7 

51 

49 

2 

11.8 

49 

48 

1 

8.7 

48 

47 

1 

8.4 

46 

46 

0 

13.1 

47 

43 

4 

11.9 

39 

39 

0 

*5.6 

37 

37 

0 

15.0 

36 

34 

0 

8.2 

34 

35 

1 

6.3 

35 

33 

2 

7.5 

32 

34 

2 

*12. 1 

32 

32 

0 

12.1 

28 

33 

5 

10.0 

29 

31 

2 

13.6 

33 

27 

6 

16.4 

28 

28 

0 

*10.5 

28 

28 

0 

*8.0 

31 

25 

6 

7.0 

27 

28 

1 

2.2 

28 

26 

2 

12.1 

25 

26 

1 

5.1 

24 

24 

0 

*10.0 

24 

24 

0 

2.0 

21 

22 

1 

5.7 

22 

20 

2 

1.9 

20 

21 

1 

15.7 

21 

18 

3 

Percent- 
age 

shrink- 
age of 
fleece 


Merino  ewe  64's 

Strong  combing  merino  ewe  60's 

Strong  combing  merino  ewe  60's 

Half-bred  hogget  50's 

Fine  combing  merino  ewe  64's 

Fine  combing  merino  ewe  64's 

Romney  hogget  ewe  44's 

Corriedale  ewe  50's 

Three-quarter  bred  hogget  46's 

Lincoln  ewe  48's 

Half-bred  ewe  hogget  deep  56' s 

Three-quarter  bred  hogget 

Romney  ewe  46's 

Half-bred  ewe  50's 

Romney  hogget  46's 

Cross-bred  ewe  40's 

Corriedale  hogget  50's 

Romney  ewe  44's 

Half-bred  hogget  56's 

Cross-bred  hogget  46's 

Cross-bred  Romney  Lincoln  ewe  48's 

Cross-bred  Romney  Lincoln  lamb  medium  46's 

Romney  ewe  46's 

Cross-bred  ewe  46's 

Cross-bred  hogget  44's 

Cross-bred  Romney  Lincoln  lamb  (strong)  40's 

Half-bred  ewe  50's 

Cross-bred  Romney  Lincoln  lamb  (fine)  48's. 
Lincoln  ewe  36's 


54 

51 

50 

48.5 

47.5 

46 

45 

39 

37 

35 

34.5 

34 

33 

32 

30.5 

30 

30 

28 

28 

28 

27.5 

27 

25.5 

24 

24 

21.5 

21 

20.5 

19.5 


Note. — The  figures  marked  with  an  asterisk  (*)  denote  fleeces  which  were  skirted. 

The  data  in  Table  2  are  given  to  show  that  two  fleeces  of  the 
same  breed  of  sheep  may  have  a  marked  difference  in  shrinkage. 
This  difference  in  the  random  samples  recorded  in  the  table 
reached  as  high  as  9.5  per  cent.  Each  fleece  was  in  good  condi- 
tion, was  not  selected  to  give  wide  variations  of  shrinkage,  but 
simply  chosen  at  random  to  ascertain  whether  appreciable 
differences  occurred. 
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TABLE  2 
Variations  in  Shrinkage  in  the  Same  Breed  of  Sheep 

Table  of  Shrinkages  of  Two  Fleeces  Each  of  13  Breeds  of  Sheep  Showing  that  Fleeces  Selected  at  Random 
May  Exhibit  a  Wide  Variation  in  Shrinkage  Even  in  the  Same  Breed 


Class  of  sheep 


Percentage  shrinkage 

First 
fleece 

Second 
fleece 

Differ- 
ence 

51 

50 

1.0 

47.5 

46 

1.5 

45 

38 

7.0 

40 

37 

3.0 

40 

35 

5.0 

38.5 

33 

5.5 

36 

33 

3.0 

35 

27.5 

7.5 

31 

26.5 

4.5 

31 

25.5 

6.5 

27.5 

26 

1.5 

30 

20.5 

9.5 

27.5 

22.5 

5.0 

Average 

shrinkage 

of  both 

fleeces 


Strong  combing  merino  ewe 

Fine  combing  merino  ewe 

Lincoln  merino  half-bred 

Leicester  merino  half-bred 

Medium  merino 

Strong  merino 

Fine  merino 

Cross-bred  Romney  Lincoln  ewe 

Romney  merino  half-bred 

Romney  ewe 

Leicester  full-blood 

Lincoln  full -blood 

Romney  marsh  (pure) 


Per  cent 
50.50 
46.75 
41.50 
38.50 
37.50 
35.75 
34.50 
31.25 
28.75 
28.25 
26.75 
25.25 
25.00 
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I.  INTRODUCTION 

Concrete  differs  from  most  structural  materials  in  that  it  is  not 
manufactured  at  a  mill  or  plant  according  to  chemical  formulae 
under  the  observation  of  skilled  specialists  and  subject  to  rigid  in- 
spection, test,  and  such  control  as  to  produce  a  uniformly  homo- 
geneous product,  nor  is  the  process  of  manufacture  completed  in  a 
few  hours  or  days,  as  in  the  case  of  steel  products.  Furthermore, 
concrete  is  made  from  materials  obtained  from  many  sources 
differing  widely  in  characteristics  which  affect  its  quality.  The 
proportions  of  the  ingredients,  the  amount  of  water  used  in  mixing, 
the  thoroughness  of  mixing,  the  manner  of  placing,  the  atmos- 
pheric temperature  and  humidity,  exposure  to  sun,  rain,  and  wind, 
immersion  in  fresh  water,  sea  water,  or  other  natural  solutions,  all 
affect  the  quality  of  the  concrete. 

The  quality  of  structural  steel  can  be  determined  easily  and 
quickly  at  the  place  of  manufacture  and  the  strength  of  a  fabri- 
cated structure  is  readily  calculated.  The  physical  qualities  of  the 
metal  are  unchanged  during  erection,  provided  good  practice  in 
design  and  construction  have  been  followed,  and  the  strength  of 
the  completed  structure  is  directly  dependent  upon  the  strength 
of  the  steel  as  originallv  determined. 
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In  most  cases  the  inspection  of  the  materials  which  are  used  to 
fabricate  concrete  is  confined  to  tests  of  the  cement,  although  the 
strength  of  a  structure  made  of  concrete  can  be  no  more  completely 
determined  by  inspection  of  the  cement  than  can  the  strength  of 
structural  steel  be  measured  by  an  analysis  of  the  iron  ore  from 
which  the  steel  is  to  be  made.  Concrete  made  with  cements  of 
standard  quality  but  with  different  aggregates  may,  in  one  case, 
have  considerable  strength  and,  in  another,  practically  no  strength. 
With  the  same  cements  and  aggregates  but  with  different  work- 
manship in  fabrication  one  concrete  may  have  several  hundred 
per  cent  greater  strength  than  another.  Concretes  which  are  per- 
mitted to  dry  permanently  from  the  time  of  mixing  will  never 
attain  the  strength  of  concretes  of  similar  mixture  which  are 
supplied  with  water  from  time  to  time  after  mixing. 

The  principal  requisites  for  a  concrete  aggregate  are  cleanliness, 
strength,  homogeneity  of  structure,  and  proper  gradation  of  par- 
ticles. The  relative  values  of  these  variables  are  difficult  to  deter- 
mine and  may  not  be  the  same  in  any  two  cases. 

The  coarse  aggregates  commonly  used  in  concretes  are  granites, 
trap  rocks,  gravels,  limestones,  sandstones,  slags,  and  coal  cinders. 
These  materials  differ  greatly  in  strength,  hardness,  porosity,  and 
available  gradation  of  size  of  particles.  In  any  single  type  of 
material  there  can  probably  be  found  as  great  a  range  in  quality  as 
is  commonly  found  between  any  two  of  the  above  types,  excepting 
possibly  cinders.  It  is  generally  considered  that  a  granite  is 
superior  to  a  limestone  as  a  concrete  aggregate,  but  the  range  of' 
quality  among  granites  is  so  great  that  some  limestones  in  use  are 
superior  to  many  granites.  Specifications  for  concrete  materials 
sometimes  favor  a  limestone  in  preference  to  a  gravel,  due  to  the 
fact  that  gravel  is  usually  round  and  smooth  while  crushed  limestone 
is  more  angular  and  sharp,  which  are  qualities  that  are  supposed 
to  aid  in  the  production  of  a  stronger  concrete.  Although  this 
fact  has  not  been  demonstrated,  there  may  be  an  interlocking  of 
the  particles  of  the  angular  material  which  would  contribute  to  a 
greater  strength  of  a  green  concrete.  The  effect  of  this,  however, 
must  be  lost  after  the  concrete  is  a  few  weeks  old  and  the  adhesion 
between  the  stone  and  cement  is  sufficient  to  prevent  a  breaking 
of  the  bond  with  stresses  up  to  the  shearing  strength  of  the  stone. 
The  roundness  of  the  gravel  aggregate  has  certain  advantages  in 
flowing  into  place  more  readily  and  thus  producing  a  denser 
mixture  with  less  spading  or  tamping  than  is  required  for  an 
angular  aggregate. 
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Granite  as  a  type  of  material  may  usually  be  superior  to  a  lime- 
stone for  use  as  a  concrete  aggregate,  but  in  practice  the  exceptions 
are  common  enough  to  warrant  comparative  tests  to  determine 
the  better,  providing  two  or  more  types  of  material  are  available. 

Safe  design  of  concrete  structures  requires  a  knowledge  of  the 
compressive  strength  of  the  concrete  within  reasonable  limits, 
since  the  working  stress  used  in  calculations  is  obtained  by  assum- 
ing a  strength  value  and  applying  a  factor  of  safety  which  should 
provide  for  all  variations  due  to  lack  of  uniformity  in  materials 
and  workmanship  and  occasional  excessive  loading  of  the  com- 
pleted structure. 

This  factor  of  safety,  however,  can  not  be  depended  upon  to 
care  for  the  great  variation  in  strength  which  may  be  obtained 
with  various  aggregates,  even  though  workmanship  and  curing 
conditions  may  be  of  the  best.  Therefore,  care  must  be  exercised 
in  selecting  the  aggregate  if  good  quality  of  concrete  is  to  be 
obtained. 

In  most  communities,  experience  has  demonstrated  the  satis- 
factory character  of  certain  available  aggregates  and,  therefore, 
no  further  tests  are  required  except  those  which  will  detect  varia- 
tion in  the  quality,  but  untried  materials  should  always  be  tested 
before  using  in  important  structures. 

Many  of  the  samples  of  sands  which  are  included  in  this  report 
were  taken  by  representatives  of  the  laboratory  from  localities 
where  the  Government  was  constructing  public  buildings  or  con- 
templated the  construction  of  such  buildings.  The  collectors  (all 
geologists,  with  one  exception)  not  only  took  the  samples  with 
particular  care,  but  in  addition  secured  information  in  regard  to 
source,  cleanliness,  general  appearance,  etc.  Unfortunately,  the 
size  of  the  sample  was  no't  as  large  in  many  cases  as  it  should 
have  been,  so  that  not  as  thorough  an  investigation  was  made  as 
might  have  been  desired. 

The  large  number  of  sands  tested  and  the  wide  range  of  terri- 
tory from  which  they  were  obtained,  representing  practically  all 
kinds  of  sand  found  under  the  various  geological  conditions  of 
formation,  give  the  results  of  tests  of  sands  obtained  in  this  inves- 
tigation more  than  usual  interest.  Furthermore,  as  standard 
Ottawa  sand  mortar  specimens  were  made  at  the  same  time  as  the 
mortar  specimens  of  most  of  the  sands  under  investigation,  a  com- 
parison of  the  strength  of  these  sand  mortars  and  the  standard 
sand  mortars,  can  be  made  with  the  assurance  that  they  were 
subjected  to  the  same  conditions  at  all  times. 
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The  results  included  in  this  paper  have  been  in  part  collated 
from  the  many  investigations  and  tests  made  by  the  structural 
materials  laboratories  of  the  Geological  Survey  which  were  trans- 
ferred to  the  Bureau  of  Standards  in  19 10,  and  from  tests  made  by 
the  Bureau  of  Standards. 

The  work  in  the  Geological  Survey  was  done  by  W.  Jordan,  jr., 
F.  W.  Cooper,  William  Linker,  L.  H.  Tosse,  G.  A.  Riddle,  R. 
Campbell,  R.  F.  Havlik,  A.  D.  Gates,  and  J.  G.  Bragg,  under  the 
direction  of  R.  T.  Humphrey.  Acknowledgment  is  made  to 
H.  A.  Davis  and  V.  I.  Richard  for  their  assistance  in  making 
some  of  the  tests  in  the  Bureau  of  Standards.  Some  of  the  data 
were  obtained  as  auxiliary  tests  to  investigations  reported  in 
Geological  Survey  Bulletins  331  and  344,  and  Bureau  of  Standards 
Technologic  Papers  Nos.  2,  5,  and  12.  These  data  furnish  infor- 
mation on  the  range  of  strength  values  which  were  obtained  with 
different  aggregates  in  various  consistencies,  with  variation  in 
workmanship  of  fabrication,  in  the  method  of  placing,  and  in 
subsequent  exposure.  It  contains  results  of  tests  on  a  relatively 
small  number  of  aggregates  and  should  not  be  considered  in  any 
sense  an  exhaustive  study  of  the  aggregates  of  the  United  States. 
A  sufficient  number  have  been  included,  however,  to  indicate  that 
the  ranges  of  values  included  herein  are  probably  too  low  rather 
than  too  high,  and  an  increase  in  the  number  of  aggregates  of  any 
type  studied  would  probably  result  in  obtaining  a  wider  range  of 
values.  The  greatest  value  of  this  paper,  perhaps,  is  in  empha- 
sizing the  necessity  of  having  a  knowledge  of  all  the  materials 
used  in  fabricating  concrete,  and  the  necessity  of  exercising  extreme 
care  in  every  phase  of  the  manufacture  of  concrete,  if  the  good 
quality  of  the  resulting  concrete  is  to  be  assured  and  a  concrete 
of  known  quality  produced. 

II.  SCOPE  OF  TESTS 

This  paper  includes  the  results  of  about  20  000  tests.  Com- 
pressive and  tensile  tests  were  made  upon  mortars  at  different 
ages,  including  about  240  different  sands  and  stone  screenings 
and  compressive  tests  were  made  on  concretes  composed  of  60 
aggregates,  including  limestones,  gravels,  granites,  cinders,  and 
trap  rock,  as  well  as  tests  of  the  physical  properties  of  the  sands, 
stone  screenings,  and  coarse  aggregates. 

In  order  that  the  effect  of  each  variable  on  the  compressive 
strength  might  be  determined,  the  consistency  of  the  mixture, 
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the  conditions  of  storage  of  the  concrete,  and  the  workmanship 
in  fabrication  were  changed  so  that  comparative  results  might  be 
obtained. 

The  weight  per  cubic  foot  of  the  concrete,  as  determined  from 
the  weight  of  the  test  pieces,  was  recorded  in  all  cases  before 
making  the  compression  tests,  and  compressometer  readings  were 
taken  in  most  cases  during  the  testing  of  the  cylinders,  from  which 
the  yield  point  and  initial  modulus  of  elasticity  were  determined. 
A  series  of  comparative  density  and  strength  tests  were  made  in  a 
number  of  cases  which  show  the  effect  on  compressive  strength  of 
varying  the  relative  proportions  of  the  same  fine  and  coarse 
aggregates. 

III.  TESTS  OF  CONSTITUENT  MATERIALS 

The  cement  used  throughout  most  of  these  tests  is  known  as  a 
typical  Portland  cement  and  was  prepared  by  mixing  together  a 
number  of  brands  of  standard  American  Portland  cements.  This 
cement  was  prepared  by  mixing  in  a  concrete  mixer,  or  by  spread- 
ing on  a  large  concrete  floor  an  equal  number  of  bags  of  cement 
of  different  brands  in  layers  one  above  the  other  and  turning  with 
shovels  until  a  uniform  mixture  was  obtained.  The  cement  was 
sealed  in  air-tight  cans  and  stored  away  until  used.  It  is  assumed 
in  this  paper  that  all  the  cement  used  had  the  same  cementing 
value.  While  this  is  probably  an  allowable  assumption  for  the 
typical  mixtures,  it  may  not  be  so  for  individual  brands,  and 
therefore  care  should  be  exercised  in  comparing  one  group  of  results 
with  another  where  different  brands  are  used. 

The  aggregates  as  shown  in  Tables  i  and  i  a  were  for  the  most  part 
secured  from  points  in  the  Middle  West,  and  in  all  cases  were  simi- 
lar to  the  materials  commonly  used  in  concrete  construction  work 
in  the  particular  localities  from  which  the  materials  were  obtained. 
The  samples  obtained  varied  in  size  from  a  few  pounds  to  several 
carloads  and  were  collected  under  the  supervision  of  a  representa- 
tive of  the  laboratory  or  procured  in  the  local  market  for  use  in  the 
laboratory. 

Tables  i  and  i  a  contain  the  results  of  the  granular  analyses  and 
other  tests  made  upon  the  materials,  such  as  specific  gravity,  weight 
per  cubic  foot,  water  absorption,  and  percentage  of  voids.  A  brief 
description  of  the  methods  used  in  securing  the  above  results 
follows. 
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1.  APPARENT  SPECIFIC  GRAVITY 

Coarse  Material  (Retained  on  X-inch  Screen). — A  1500  g 
(3.3  pound)  sample,  dried  to  constant  weight,  was  placed  in  a  tin 
bucket  and  the  whole  placed  in  a  closed  vessel  and  the  air  exhausted. 
Water  was  admitted,  and  after  allowing  the  stone  to  soak  for  one- 
half  hour  the  bucket  was  suspended  on  the  arm  of  a  balance  and 
weighed  while  immersed  in  water.  The  result  obtained  by 
dividing  the  weight  of  the  original  dry  stone  by  the  loss  of  weight  of 
the  stone  in  water,  corrected  for  absorption  as  described  in  the 
following  paragraph,  is  called  the  apparent  specific  gravity. 

The  formula  used  in  making  this  calculation  is  as  follows: 

Wd  . 

0     {Wd+A)-W 
in  which 

5  =  apparent  specific  gravity. 
Wd  =  dry  weight  of  stone  in  air. 
W  =  weight  of  stone  suspended  in  water. 
A  =  total  weight  of  water  absorbed. 

Two  determinations  were  made  on  most  samples,  the  values 
shown  in  Table  1  being  the  average. 

Fine  Material  (Passing  the  >4-inch  Screen). — The  process 
was  similar  to  the  above  except  that  a  50  to  150  g  (0.11  to  0.33 
pound)  sample  was  used,  and  more  care  was  taken  in  controlling 
the  temperatures  of  the  air  and  the  water. 

2.  ABSORPTION 

Small  portions  were  selected  so  as  to  fairly  represent  the  mate- 
rial from  various  parts  of  a  large  sample  which  had  been  previously 
spread  out,  and,  after  drying  thoroughly  and  weighing,  they  were 
immersed  in  water.  After  attaining  a  constant  weight,  the  mate- 
rial was  surface  dried,  and  a  second  weight  was  obtained  from 
which  the  percentage  of  absorption  was  calculated.  Check  results 
were  obtained  from  the  samples  used  in  the  specific-gravity  tests, 
since  allowance  had  to  be  made  for  absorption  before  the  specific 
gravity  could  be  calculated. 

3.  WEIGHT  PER  CUBIC  FOOT 

The  weight  per  cubic  foot  was  determined  by  dividing  the  weight 
of  dried  material  required  to  fill  a  given  measure  under  a  standard- 
ized condition  of  filling,  by  the  volume  of  the  measure.  In  making 
this  determination  a  quantity  of  dried  sand  or  stone  was  placed  in 
an  inverted  conical  vessel.  The  opening  on  the  lower  end  was  closed 
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by  a  readily  removable  slide  and  was  2  feet  above  the  center  of  the 
measure  (X  to  l  cubic  foot).  On  removing  the  slide  the  material 
flowed  quickly  and  evenly  into  the  measure  until  it  overflowed. 
The  excess  was  carefully  struck  off  without  moving  the  measure. 
It  was  then  weighed;  the  difference  between  the  weight  of  the 
measure  empty  and  the  measure  rilled  divided  by  the  volume  of 
the  measure  used  gave  the  weight  per  cubic  foot. 

4.  PERCENTAGE  OF  VOIDS 

All  results  given  in  Table  1  are  determined  voids  except  where 
noted  as  "computed  voids"  obtained  by  calculation  from  the 
values  obtained  for  specific  gravity  and  weight  per  cubic  foot. 

The  determined  voids  were  obtained  as  follows:  A  graduated 
glass  cylinder  was  partially  filled  with  water,  the  level  of  which 
was  noted,  and  a  weight  of  sand  corresponding  to  a  given  volume 
was  slowly  poured  into  the  water.  (The  weight  of  the  required 
volume  of  sand  was  calculated  from  the  weight  per  cubic  foot, 
which  had  been  previously  determined.)  The  sand  was  allowed 
to  stand  in  the  water  for  30  minutes,  when  the  water  level  was 
again  taken.     The  method  of  computation  follows: 

A  =  volume  of  the  sand  (placed  in  measure  under  conditions 

specified  under  heading  "Weight  per  cubic  foot.") 
B  =  volume  of  water  =  water  level  before  sand  was  added 
C  =  combined  volume  of  sand  and  water  =  water  level  after 

the  sand  was  added 
V  =  per  cent  voids. 

Then, 

1r     A+B-C 

V  = t Xioo 

To  correct  for  absorption,  the  product  of  the  weight  of  the  sand 
by  the  percentage  of  absorption  was  added  to  C. 
Percentage  of  computed  voids  = 

Weight  per  cubic  foot  dried 
Spec.  grav.  X  weight  cu.  ft.  water 

5.  GRANULAR  ANALYSIS 

Two  sets  of  screens  were  used  for  this  test — one  for  material 
larger  than  %  inch  and  one  for  smaller  material.  The  set  of 
large  mesh  screens  (openings  %,  %,  f£,  1,  ilA,  ilA,  iM>  ana^  2 
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inches)  were  2  feet  wide  by  4  feet  long  and  6  inches  deep,  and  they 
were  suspended  from  the  ceiling  b'y  ropes  connected  at  the  four 
corners. 

A  100-pound  sample,  after  drying,  was  placed  on  the  %-'\nch 
screen,  which  was  agitated  by  jarring  against  the  wall  until  no 
material  passed  through,  and  the  material  which  passed  was 
saved.  The  portion  remaining  was  then  placed  on  the  screen 
next  larger  in  size,  the  sifting  was  continued  in  the  same  manner, 
and  the  sample  was  thus  passed  through  the  screens  of  all  sizes. 

The  smaller-mesh  sieves  used  for  sand  and  stone  screening 
analyses  were  the  regular  8-inch  diameter  circular  hand  sieves 
with  openings  of  6,  10,  20,  30,  40,  50,  80,  100,  and  200  per  linear 
inch. 

In  order  to  obtain  a  sample  for  making  the  analyses  of  sands 
and  stone  screenings  the  entire  sample,  after  mixing  well,  was 
spread  out  in  a  thin  layer  and  divided  into  small  scmares,  a  total 
of  500  g.  being  taken.  The  remainder  was  remixed  and  resampled 
twice,  obtaining  in  this  way  three  500  g.  samples.  Each  sample 
was  then  sieved  through  the  nest  of  sieves.  The  results  given 
are  the  average  of  three  determinations.  These  results  were  also 
used  to  determine  the  "uniformity  coefficient"  as  defined  by 
Hazen,1  which  is  the  ratio  of  the  assumed  diameter  of  the  particles 
corresponding  to  the  60  per  cent  ordinate  of  the  granularometric 
analysis  curve,  to  the  assumed  diameter  of  the  particles  corre- 
sponding to  the  10  per  cent  ordinate  of  the  curve. 

In  proportioning  the  aggregates  to  produce  the  various  con- 
cretes included  in  the  series  of  cylinder  and  cube  tests  of  Tables 
8  to  15,  the  coarse  aggregate  was  used  as  received,  however  large  a 
percentage  of  fine  material  was  contained  in  it,  and  the  sand  or 
fine  aggregate  was  added  in  the  proportion  stated.  In  some  cases, 
the  fine  material  passing  the  %-inch  screen  which  had  previously 
been  removed  from  the  "pit  or  crusher  run  material"  was  later 
used  as  a  fine  aggregate  with  the  "pit  or  crusher  run  material" 
as  received.  In  Table  1a  the  values  given  for  specific  gravity, 
weight  per  cubic  foot,  and  per  cent  of  voids,  preceding  the  granular 
analysis  of  the  coarse  material,  are  those  corresponding  to  the 
material  as  received,  unless  otherwise  noted,  while  the  second  set 
of  above  values  refers  to  that  part  of  the  crusher  or  pit  run  material 
which  passed  the  %-moh  screen. 

1  Twenty-fourth  Annual  Report  of  State  Board  of  Health  of  Massachusetts  for  1892. 
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6.  DENSITY 

Values  given  for  "density  "  of  mortars  were  calculated  from  the 
formula : 

iWsXR     WcxR 
V~VSsxK  +  ScxK 

The   following   formula   was   used   to   determine   the   density   of 
concrete ' 

ilVsxR     WCXR     \VaxR 
VSsxK  +  5cxK      SaxK 

in  which 

D  =  Density. 
W  s  =  Weight  of  sand  or  fine  aggregate  used 
Ss  =  Apparent  specific  gravity  of  the  sand  or  fine  aggregate. 
Wm     Weight  of  mortar  in  the  mold 
~~  W  t  ~  Total  weight  of  material  used 
]{_  =  Unity  when  using  grams  and  cubic  centimeters,   and 
62.5  when  using  pounds  and  cubic  feet. 
W c  =  Weight  of  cement  used. 
Sc  =  Specific  gravity  of  cement. 
V  =  Volume  of  the  mold. 
W a  =  Weight  of  coarse  aggregate  used. 
Sa  =  Apparent  specific  gravity  of  coarse  aggregate. 

The  above  is  not  the  true  density  in  that  the  water  content  of 
the  mixture  is  not  included  as  solid  matter  and  the  apparent 
specific  gravity,  rather  than  the  true  specific  gravity,  of  the  fine 
and  coarse  aggregates  are  used  in  the  calculation.  With  these 
exceptions  the  term  "density"  is  used  to  represent  the  ratio  of 
the  volume  of  solids  to  the  volume  of  the  mold. 

The  term  "  density  "  is  used  throughout  this  paper  in  the  above 
sense  and  should  not  be  confused  with  specific  gravity. 

The  determination  was  made  as  follows:  The  quantity  of 
cement,  sand,  and  coarse  aggregate  for  a  given  volume  was  meas- 
ured by  weight  calculated  from  their  previously  determined 
weights  per  cubic  foot.  The  quantity  of  water  required  to  obtain 
the  desired  consistency  was  also  weighed.  Part  of  the  mixed 
mortar  or  concrete  was  tamped  into  the  mold,  the  weight  and 
volume  of  which  had  been  previously  determined,  the  excess  was 
struck  off  with  a  straightedge,  and  the  filled  mold  weighed. 
The  net  weight  of  each  ingredient  in  the  total  mixture,  multiplied 
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by  the  ratio  of  the  weight  of  the  mortar  or  concrete  in  the  mold 
to  the  total  weight  of  all  the  materials  weighed  out  and  mixed, 
gave  the  net  weight  of  the  cement  and  aggregate  contained  in 
the  mold.  It  was  assumed  that  the  mixture  was  uniform,  and  no 
allowance  was  made  for  the  evaporation  of  water  which  might 
occur  during  the  time  required  for  mixing  and  weighing.  With 
the  above  values  the  "density"  was  determined  from  the  formula 
as  given. 

IV.  DETAILS  OF  TESTS  OF  MORTARS  AND  CONCRETES 
1.  METHODS  OF  MIXING  AND  MOLDING 

The  large  test  pieces  used  were  made  up  principally  of  6-inch 
cubes  and  cylinders  8  inches  in  diameter  and  16  inches  long. 
The  cube  and  cylinder  molds  were  made  of  cast  iron  in  sections 
with  the  inner  surfaces  machined  and  the  sections  fastened 
together  with  brass  clamp  screws.  For  the  density  tests,  which 
are  described  later,  molds  of  wrought-iron  pipe  capped  at  one 
end  were  used. 

Compression  and  tension  specimens  were  made  from  most 
samples  of  sand  and  stone  screenings.  Three-gang  standard 
briquette  molds  were  use'd  for  molding  tension  specimens  and 
three-gang  2 -inch  cube  molds  for  most  compression  specimens. 
Some  compression  tests  of  mortars  were  made  on  6-inch  cubes 
and  8  by  16  inch  cylinders.  Standard  practice  2  for  the  molding 
of  briquettes  was  followed  in  the  preparation  of  these  small 
specimens. 

There  were  made  at  frequent  intervals  1 : 3  standard  Ottawa 
sand  specimens  for  comparison  with  the  sands  under  test. 

For  proportioning  the  various  mixtures  the  weight  of  a  cubic 
foot  of  cement  was  assumed  to  be  100  pounds,  and  the  proportions 
indicated  throughout  this  paper  and  in  the  tables  of  results  are 
by  volume  measure.  The  figures  1:2:4,  1:3:6,  etc.,  signify  the 
ratio  of  cement  to  fine  aggregate  to  coarse  aggregate  by  volume. 
For  convenience  and  greater  uniformity  in  proportioning  the 
volume  measurements  were  transposed  to  weight  measurements. 
More  uniform  proportions  can  be  obtained  in  this  manner,  since 
the  weight  of  a  given  volume  of  sand  varies  greatly  with  the 
moisture  content  and  with  the  method  of  filling  the  measure; 
unless  this  variation  is  cared  for  the  actual  proportions  of  the 
mixture  will  not  be  constant. 

2  Bureau  of  Standards  Circular  No.  33,  United  States  Government  Specification  for  Portland  Cement. 
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After  the  desired  proportions  were  determined  the  weight  of 
dry  material  for  each  batch  was  calculated.  The  moisture  con- 
tent of  the  sand  and  coarse  aggregate  to  be  used  was  determined 
and  the  calculated  dry  weights  of  each  were  increased  by  an 
amount  equal  to  the  amount  of  moisture  present. 

This  percentage  of  moisture  was  determined  on  500  g.  samples 
of  the  aggregate  to  be  used  during  that  day.  An  allowance  for 
the  amount  of  moisture  so  found  is  then  made  in  weighing  out 
the  water,  the  total  amount  of  which  for  the  correct  consistency 
was  predetermined.  It  is  usually  found,  even  after  making  this 
moisture  correction,  that  the  consistencies  of  the  various  batches 
will  vary  enough  to  be  easily  apparent,  both  to  the  eye  and  in  the 
process  of  molding.  This  is  due  to  the  fact  that  the  amount  of 
moisture  in  the  sand  varies  considerably  and  the  correction 
determined  by  drying  a  small  sample  does  not  fairly  represent 
the  amount  present  throughout  the  mass.  The  total  amounts  of 
water  used  for  each  proportion  were  recorded  and  an  attempt 
was  made  to  make  the  consistencies  of  batches  of  the  same  pro- 
portion uniform. 

The  consistencies  referred  to  throughout  this  paper  from  the 
driest  to  the  wettest  may  be  denned  as  follows: 

Dry. — Containing  just  sufficient  water  to  cause  the  cement 
and  sand  to  adhere  after  tamping  and  removal  of  the  molds. 

Moist. — A  mean  between  the  "  dry  "  and  "  plastic  "  consistencies. 

Plastic. — Containing  the  maximum  quantity  of  water  which 
allows  the  removal  of  the  forms  immediately  after  molding.  The 
surface  of  the  mass  shows  weblike  marks  of  neat  cement  and  water. 

Quaking. — A  stiff  mixture  upon  which  water  can  be  brought  to 
the  surface  by  slight  tamping.     The  mass  should  not  flow  readily. 

Mushy. — A  soft  mushy  mixture  which  is  not  watery,  but  can 
be  spaded  and  readily  worked  into  place  in  the  form. 

Fluid. — A  watery  mixture  which  flows  readily  into  place  in 
the  form  with  little  or  no  working. 

A  photograph  of  three  batches  of  concrete  to  illustrate  the  three 
consistencies,  "quaking,"  "mushy,"  and  "fluid,"  are  shown  in 
Fig.  1.  In  forming  each  of  the  piles  the  concrete  was  allowed  to 
slide  from  the  shovel  and  drop  only  a  few  inches  onto  the  pile,  the 
weight  causing  the  material  to  spread  out  and  take  the  shapes 
shown.  Dumping  from  a  barrow  or  allowing  the  mixtures  to 
flow  from  a  chute  would  have  caused  the  materials  to  spread  fur- 
ther and  form  flatter  cones,  which  would  give  the  appearance  of 
wetter  consistencies  than  the  method  which  was  used. 
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Fig.  i. — Appearance  of  gravel  concrete  of  the  three  consistencies  used  in  these  tests  and 

described  on  page  ij. 
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The  difference  in  appearance  of  the  dry,  moist,  and  plastic  mor- 
tars is  not  sufficient  to  be  illustrated  by  photograph,  and  can  best 
be  determined  and  measured  by  squeezing  a  mass  in  the  hand. 

All  concrete  was  mixed  in  power-driven  batch  mixers,  unless 
indicated  differently  in  the  tables  of  the  results.  Water  was 
weighed  and  supplied  to  the  mixer  through  a  hose  attached  to  a 
barrel,  which  was  mounted  on  a  platform  scale  above  the  mixer. 
To  insure  uniform  conditions  the  interior  of  the  mixer  was  wetted 
down  each  morning  before  the  first  mix  was  made.  Concrete  was 
usually  mixed  about  two  minutes  dry  and  three  minutes  wet,  or 
until  an  apparently  homogeneous  mixture  was  obtained,  except- 
ing where  otherwise  noted. 

The  quantity  of  water  used  in  mixing  and  the  consistency  of  the 
mixtures  is  given  with  the  results  of  tests  in  the  tables. 

The  test  pieces  were  for  the  most  part  prepared  by  filling  the 
mold  about  one-quarter  of  the  height  at  a  time  and  tamping  with 
a  hand  tamper,  care  being  exercised  to  lift  the  tamper  the  same 
height  each  time  and  to  move  it  systematically  over  the  entire 
surface  at  each  partial  filling.  The  top  surface  was  finished  by 
troweling  with  a  plasterer's  trowel. 

Since  it  was  desired  in  one  series  of  tests  to  determine  the  effect  on 
the  compressive  strength  of  depositing  concrete  below  the  surface 
of  water,  it  was  necessary  to  employ  a  different  method  of  molding. 

When  the  test  pieces  were  to  be  molded  in  submerged  molds  the 
concrete  was  placed  through  a  tremie  or  pipe.  The  pipe  was  30 
inches  in  length  and  5  incjies  in  diameter.  A  cloth  was  placed  over 
the  bottom  of  the  pipe,  the  pipe  was  filled  with  concrete  to  a  depth 
of  25  inches,  and  was  then  immersed  until  the  bottom  of  the  pipe 
rested  on  the  bottom  of  the  mold,  when  the  cloth  was  withdrawn 
from  the  bottom  of  the  pipe.  The  pipe  was  then  gently  raised 
from  the  bottom  a  little  at  a  time,  the  concrete  flowing  from  the 
pipe,  which  was  continually  supplied  with  concrete  so  that  the  level 
of  the  concrete  in  the  pipe  was  always  above  the  level  of  the  water. 
This  was  continued  until  the  mold  was  full,  when  the  concrete  was 
allowed  to  overflow  slightly  and  the  top  was  somewhat  leveled 
with  a  plasterer's  trowel. 

2.  STORAGE 

The  molds,  unless  otherwise  noted,  were  stripped  from  all  speci- 
mens 24  hours  after  molding  and  the  large  cubes  and  cylinders  were 
stored  in  a  moist  room  where  they  were  sprinkled  three  times 
daily,  while  the  2-inch  cubes  and  briquettes  were  stored  in  water. 
The  temperature  of  the  molding  room,  the  moist  room,  and  water 
in  storage  tanks  were  maintained  as  near  700  F.  as  possible. 
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3.  METHODS  OF  TESTING 

Tust  previous  to  testing  the  cylinders  were  removed  from  the 
place  of  storage,  weighed,  and  measured.  To  insure  uniform  bear- 
ing in  the  testing  machine  and  the  application  of  the  load  parallel 
to  the  vertical  axis  of  the  cylinder,  the  ends  were  "  capped  "  in  the 
following  manner  with  thin  layers  of  plaster  of  Paris  or  plaster  and 
cement : 

A  small  amount  of  plastic  mixture  was  spread  on  a  horizontal 
glass-topped  table  and  the  end  of  the  cylinder,  which  had  pre- 
viously been  wet,  was  forced  down  into  the  mass  until  the  material 
flowed  out  to  the  edge,  and  at  the  same  time  the  axis  of  the  cylinder 
was  made  vertical  by  applying  a  spirit  level  to  the  sides  of  the 
cylinder.  The  mixture  hardened  in  a  few  minutes  and  the  cylinder 
was  rotated  about  the  vertical  axis  and  carefully  slipped  hori- 
zontally from  the  plate.  The  other  end  of  the  cylinder  was  pre- 
pared in  the  same  manner.  The  cap  was  prevented  from  sticking 
to  the  plate  by  covering  the  plate  with  a  thick  film  of  oil  just 
previous  to  placing  the  mixture  of  plaster  and  cement.  The 
relative  quantity  of  plaster  and  cement  needed  varies  with  the 
condition  of  the  plaster.  Too  much  cement  causes  the  cap  to 
harden  slowly  and  increases  the  danger  of  partially  destroying  the 
cap  in  slipping  the  cylinder  from  the  plate.  In  forming  the  cap  on 
the  opposite  end  of  a  cylinder  the  cap  first  formed  is  tested  by 
applying  the  level  to  the  top  after  the  sides  have  been  made 
vertical.  Usually  the  cylinders  were  not  tested  until  several  hours 
after  "capping." 

In  testing,  a  cylinder  was  centered  on  a  spherical  bearing  block 
and  placed  on  the  weighing  table  so  that  the  vertical  axis  of  the 
cylinder  was  in  a  line  passing  through  the  center  of  the  movable 
head.  To  insure  full  bearing  at  the  top,  the  cylinder  and  upper 
section  of  the  spherical  block  were  slowly  rotated  horizontally  by 
the  operator  while  the  upper  head  was  brought  down  onto  the  test 
piece  and  the  load  was  applied  by  a  uniform  movement  of  the  head 
of  about  0.02  inch  per  minute. 

In  most  cases  a  compressometer  was  used  to  obtain  stress  strain 
readings  nearly  to  the  point  of  failure.  These  readings  were  then 
plotted  and  the  modulus  of  elasticity  and  the  yield  point  deter- 
mined. 

The  cubes  were  not  capped  with  the  plaster  mixture  before 
testing,  but  were  merely  placed  in  the  machine  on  the  spherical 
bearing  block  with  pieces  of  asbestos  or  blotting  paper  just  above 
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and  below  the  bearing  surfaces  of  the  cube.  The  head  of  the 
machine  was  brought  down  to  uniform  bearing  in  the  same  manner 
as  for  the  cylinders.  No  deformation  readings  were  taken  on  the 
cubes. 

V.  RESULTS  OF  TESTS 

Practically  all  of  the  results  given  in  this  paper  are  the  averages 
of  three  or  more  tests.  The  results  are  given  in  tabular  form  and 
some  diagrams  have  been  prepared  to  show  the  comparative  strength 
of  mortars  and  concretes  with  various  aggregates  and  for  various 
proportions  and  mixtures.  Since  the  laboratory  conditions  were 
especially  favorable  for  the  uniform  hardening  of  concrete,  the 
results  obtained  in  the  laboratory  are  probably  higher  than  those 
which  would  be  secured  from  the  same  materials  under  normal 
field  conditions. 

1.  PORTLAND  CEMENT  MORTAR  MIXTURES 

(A)  Compressive  Strength  of  Cubes  and  Cylinders. — The 
average  compressive  strengths  of  mortars  of  several  proportions 
and  consistencies  and  at  various  ages  are  given  in  Tables  2  to  5. 
The  results  given  in  Tables  2  and  3  were  obtained  from  tests  of 
8  by  1 6  inch  cylinders  and  those  of  Tables  4  and  5  from  tests  of 
2 -inch  cubes.  Tests  were  made  of  mixtures  of  three  consistencies — 
dry,  moist,  and  plastic — which  were  similar  to  those  used  in  the 
manufacture  of  building  blocks  by  the  "dry"  process.  The 
"plastic"  consistency,  which  was  the  wettest  of  the  series,  had 
the  greatest  strength  at  all  ages  and  in  all  mixtures  excepting  the 
1 : 8  mixture,  in  which  there  is  practically  no  difference  in  strength 
between  the  "moist"  and  "plastic"  consistencies. 

As  stated  on  page  14,  the  plastic  consistency  does  not  contain 
as  much  water  as  the  quaking  or  mushy  consistencies  most  com- 
monly used  for  concrete.  No  tests  were  made  of  fluid  or  very  wet 
mortar  mixtures,  and  therefore  their  effect  on  strength  is  not 
known,  although  it  is  probable  that  the  fluid  consistency  mixture 
would  have  less  strength  than  the  plastic  consistency  mixture,  as 
is  the  case  with  concrete.  The  strength  varies  with  the  relative 
proportions  of  cement  and  fine  aggregate,  the  1 : 2  mixture  being 
strongest  and  the  1 : 8  weakest,  but  all  proportions  show  increased 
strength  with  age.  The  relative  strength  of  these  mixtures  are 
shown  diagrammatically  in  Fig.  1a. 

17153°— 16 2 


i8 


Technologic  Papers  of  the  Bureau  of  Standards 


oa><a 


—  0.3(3 


\ 


X 


4 


\ 


■V 


h 


-^-2 


-2  -^ 


K  <, 


i  $ 


a  1 

■5  -2 


•^ 


•to 


^ 


qouj  ajenbe  aed  epunod  -  ui3umis  sa^gssiouioo  sisujixfi 


I 


Strength  of  Concretes  and  Mortars 


19 


eooo 


Proportion  1:3 


Density 


FlG.  2. — Relation  of  the  density  of  1-3  mixtures  of  Portland  cement  sand  mortars  made 
with  different  sands  to  the  compressive  strength  at  the  ages  of  7  days  and  1  year.  {Test 
pieces,  2-inch  cubes.     See  Table  4) 


Density 


Fig.  3.— Relation  of  density  of  1-3  mixtures  of  Portland  cement  gravel  screening  mortars 
made  with  different  materials  to  the  compressive  strength  in  both  1-3  and  1-4  mixtures 
at  the  ages  of  7  days  and  I  year.     (Test  pieces,  2-inch  cubes.     See  Table  4) 
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A  comparison  of  the  results  of  tests  of  sand  186  and  limestone 
screenings  show  that  these  particular  limestone  screenings  make  a 
much  stronger  mortar  at  all  ages  than  the  sand  aggregate.  More 
water  was  required  by  the  screenings,  probably  due  to  its  greater 
fineness  and  porosity  of  grain  as  compared  to  that  of  the  sand. 

The  results  given  in  Table  2  would  indicate  that  variation  in  the 
amount  of  water  used  in  a  mortar  will  cause  as  large  differences  in 
strength  of  the  mortar  as  will  the  use  of  two  dissimilar  aggregates 


8000 


Density 

Fig.  4. — Relation  of  the  density  of  I-J  mixtures  of  Portland  cement  stone  screenings  mor- 
tars made  with  different  materials  to  the  compressive  strength  at  the  ages  of  f  days  and  I 
year.     {Test  pieces,  2-inch  cubes.     See  Table  f) 

with  the  same  cement  or  a  reduction  of  50  per  cent  in  the  quantity 
of  cement  used. 

In  Table  3  are  shown  the  results  of  additional  tests  on  mortar 
cylinders  made  up  in  the  proportions  of  1 : 1 , 1 : 2,  and  1:4,  and  tested 
at  4  and  13  weeks.  The  two  richest  mixtures  attain  high  values 
at  both  periods.  The  yield  points  and  moduli  of  elasticity  are 
proportionately  high.  Since  the  same  sand  was  used  in  the  con- 
crete tests  reported  in  Tables  8  to  15,  these  results  may  be  com- 
pared. It  is  also  of  interest  to  note  that  the  results  obtained  on 
the  large  cylinders  compare  favorably  with  those  obtained  on  the 
2 -inch  cubes  reported  in  Table  4. 

Tables  4  and  5  give  the  results  of  tests  on  mortars  made  up  of 
typical  cement  and  a  large  number  of  aggregates  which  are  in 


Strength  of  Concretes  and  Mortars 


21 


>9© 

•V" 

5 

\ 

NO 

#o 

\    ^ 

o* 

0* 

\              ( 
1      \ 

o§ 

i 

5p 

o* 

0$ 

c 
I 

5       *c 

ros 

\ 

*0 

*- 

Sic 

3< 

1 

\°3 
\ 

to 

In 

Q\0 

(0 

r« 

o 

n\ 

o$  oV 

0   <D 

S3  ,n 

.  ho« 

$ 
gl 

03  H 

u 

boo 

bO  <D 
aj  to 

5o 

9 

fe 

VS 

II 
CO 

9 

u 

-  P 

|0 

So 

■H 

&4 

• 

i 

1 

-2   S 


^ 


■2    & 
2  -^ 


V> 


rg  ^ 


Q 

w-> 

; 

ro 

| 

-. 

hC 

a 

=> 

3 

h 

^ 

w 

<» 

"e 

41 

« 

^> 


*uj  *bs  Jed  *8qx    -  qQ.3naaq.s  aATaseadtnoo  e^.wtr;q.ifl 


6 


22  Technologic  Papers  of  the  Bureau  of  Standards 

common  use  in  concrete  throughout  the  United  States.  The 
results  given  in  Table  4  are  arranged  in  the  order  of  the  density 
of  the  resulting  mortars  as  made  up  in  the  proportion  of  1  part 
cement  to  3  parts  sand  or  screenings.  Since  an  endeavor  was 
made  to  mix  all  the  materials  to  the  same  plastic  consistency, 
a  direct  comparison  of  the  compressive  strength  is  afforded,  as 
all  other  conditions  were  uniform.  Some  of  the  results  of  these 
tests  are  shown  diagrammatically  in  Figs.  2,  3,  and  4,  in  which  the 
strength  results  are  plotted  in  the  order  of  their  densities  for  two 
ages,  seven  days  and  one  year.  These  diagrams  show  that  there 
is  no  direct  relation  between  density  and  strength  when  compar- 
ing different  aggregates,  although  as  a  group  those  having  the 
greater  density  generally  have  the  greater  strength. 

The  results  in  Table  5  are  arranged  according  to  fineness,  sand 
No.  3  being  the  coarsest  and  sand  No.  157  the  finest. 

The  ratio  of  the  compressive  strengths  of  the  mortars  made  of 
the  sands  tested  to  the  compressive  strengths  of  the  mortars  made 
from  the  standard  Ottawa  sand  is  much  higher  than  the  tensile 
ratio  in  the  case  of  the  coarse  sands;  the  finer  sands  show  that  this 
ratio  is  reversed,  and  the  sands  of  intermediate  fineness  give 
approximately  the  same  ratios  in  compression  and  tension. 

In  Fig.  5  compressive  strength  is  plotted  against  density.  It 
is  quite  evident  that  the  strength  of  a  mortar  follows  the  density 
more  closely  than  any  of  the  other  properties  of  the  sand,  though 
a  high  density  may  in  some  cases  be  accompanied  by  low  strength. 

In  general,  there  is  a  very  good  increase  in  strength  with  age, 
although  in  a  few  cases  there  are  marked  decreases  at  the  one-year 
period,  for  which  no  explanation  can  be  offered. 

In  the  results  of  the  sand  mortar  tests,  Table  4,  it  should  be  noted 
that  the  sands  containing  a  comparatively  low  percentage  of 
material  passing  the  No.  50  sieve  have  high  compressive  strengths, 
while  those  containing  a  higher  percentage  of  fine  particles  usually 
have  a  comparatively  low  strength.  In  the  gravel  screening 
mortar  tests  the  1 :  3  mortar  made  with  sand  309  is  exceeded  in 
strength  by  that  of  sand  302 ,  which  attains  the  maximum  strength 
of  all  the  aggregates  represented  in  these  series.  However,  in  the 
1 : 4  mortar,  sand  309  is  nearly  50  per  cent  the  stronger.  The 
analyses  of  the  materials  in  Table  1  show  that  sand  309  contained 
an  unusually  small  amount  of  fine  material,  only  0.7  per  cent 
passing  the  No.  10  sieve,  while  sand  302  contains  next  to  the  great- 
est amount  of  fine  material  of  all  the  gravel  screenings;  but  sand 
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306,  which  contains  the  largest  amount  of  fine  material,  is  nearly 
300  per  cent  stronger  in  both  proportions  than  sand  308,  which  has 
nearly  as  little  material  passing  the  No.  10  sieve  as  sand  309. 

In  the  sand  mortar  tests  the  strength  of  the  mortar  made  of  sand 
162  shows  a  marked  reduction  at  the  year  period  over  that  of  the 
six-month  period  in  both  the  1 :  3  and  1 :  4  proportions.  A  num- 
ber of  the  other  sands  show  either  slight  reductions  or  only  small 
increases  in  strength  between  the  six-month  and  one-year  periods. 
In  the  results  of  the  tests  of  the  stone  screenings  the  long-time 
tests  appear  to  be  uniformly  high  with  a  few  exceptions.  Screen- 
ings 410,  407,  415,  411,  and  424  were  unusually  low  in  strength  in 
the  1 :  4  mixture  at  the  seven-day  period,  but  with  the  exception 
of  415  and  424  show  good  increases  in  strength  at  each  test  period 
up  to  one  year. 

In  order  that  the  effect  of  gradation  of  particles  on  the  com- 
pressive strength  of  mortar  may  be  more  easily  seen,  Figs.  6  and  7 
have  been  prepared.  Curve  B,  Fig.  6,  represents  the  granular 
analyses  of  an  aggregate  whose  particles  are  the  average  of  the 
three-stone  screenings  404,  406,  and  422,  which  gave  the  highest 
compressive  strength  at  one  year.  Stone  screenings  424,  which  is 
the  coarsest  of  all  those  tested,  at  the  year  period  attained  the 
lowest  strength.  Curve  A  is  plotted  by  averaging  the  curves  for 
stone  screenings  411  and  421,  which  gave  the  lowest  results, 
excluding  those  of  424. 

In  Fig.  7  the  highest  and  lowest  testing  sands  of  Table  2  are 
shown  in  the  same  manner.  Curve  B  represents  the  average  size 
of  the  grains  of  the  three  sands  which  attained  the  highest  com- 
pressive strength  at  one  year,  while  curve  A  represents  the  average 
size  of  the  three  having  the  lowest  compressive  strength.  The 
curves  for  the  sands  having  the  maximum  and  minimum  strengths 
fall  respectively  below  and  above  these  average  curves. 

The  above  two  diagrams  show  very  clearly  that  a  relatively 
coarse  rather  than  a  fine  sand  is  likely  to  be  most  satisfactory  in 
use.  In  general,  the  straight-line  gradation  may  be  said  to  be  the 
ideal  gradation,  but  the  curve  of  stone  screenings  424,  Fig.  6, 
indicates  that  the  proportion  passing  the  coarser  sieves  should  not 
be  too  low.  However,  such  a  material  is  rarely  used  as  a  sand,  and 
in  most  cases  sands  are  too  fine  rather  than  too  coarse. 

No  definite  conclusion  regarding  the  effect  of  gradation  of  parti- 
cles on  the  compressive  strength  of  the  mortar  can  be  drawn  from 
these  results.     They  show  in  a  general  way,  however,  that  sands 
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whose  gradation  approaches  a  straight  line  and  have  preferably 
not  in  excess  of  30  per  cent  passing  the  No.  50  sieve  (normal  open- 
ing 0.011  inch)  give  the  greater  compressive  strength  in  mortars. 
There  are  sands  which  have  a  larger  amount  of  fine  material  which 
give  good  results  in  mortars  and  concretes,  therefore  it  should  not 
be  assumed  that  the  strength  is  entirely  a  function  of  the  gradation 
of  the  fine  aggregate.  The  specifications  of  the  American  Concrete 
Institute3  for  fine  aggregates  would  reject  85  of  the  197  sands 
included  in  Table  1,  or  43  per  cent,  on  account  of  excess  fineness, 
and  many  of  these  will  be  found  to  give  good  results,  as  shown  in 
Tables  4  and  5.  It  will  also  reject  several  of  the  sands  shown  in 
Fig.  8,  which  appear  to  be  satisfactory  when  used  in  concrete. 

It  should,  furthermore,  be  recognized  that  the  sand  which  gives 
the  highest  compressive  strength  in  a  mortar  will  not  necessarily 
give  the  greatest  strength  as  compared  with  other  sands  combined 
with  a  given  coarse  aggregate  in  a  concrete,  due  to  the  fact  that 
there  are  often  small  quantities  of  material  included  in  the  coarse 
aggregate  which  passes  the  ^-inch  screen  or  a  large  percentage 
of  both  the  fine  and  coarse  aggregate  is  near  the  X-inch  size,  and 
its  effect  on  the  strength  of  the  concrete  is  the  same  as  though 
this  excess  amount  were  present  in  the  sand,  thereby  materially 
altering  the  gradation  of  the  combination.  In  Fig.  8  sand  188 
would  probably  be  rejected  for  use  as  a  concrete  aggregate  by 
visual  inspection,  but  it  should  be  noted,  as  shown  in  Table  16, 
that  the  concrete  in  which  this  sand  was  used  attained  a  strength 
of  over  2000  pounds  per  square  inch  at  four  weeks. 

Although  no  definite  conclusion  can  be  drawn  in  regard  to  the 
proportions  of  fine  material  required  for  maximum  strength,  in 
the  majority  of  cases,  those  mortars  containing  the  higher  per  cent 
of  fine  particles  show  the  lower  compressive  strengths. 

From  the  results  shown  in  Table  4  it  is  not  possible  to  say  that 
any  one  of  the  three  types  of  aggregates  represented  is  superior  to 
the  others  for  use  in  a  mortar.  The  range  of  values  obtained  with 
any  one  type  is  so  much  greater  than  the  range  of  the  average  of 
all  three  types  that  it  is  very  evident  that  the  source  or  type  of 
material  is  of  minor  importance.- 

(B)  Compressive  Strength  of  Buieding  Blocks. — In  Table  6 
are  given  the  average  results  of  tests  of  cement  mortar  building 
blocks. 

The  materials  used  were  sand  183  with  a  "typical"  Portland 
cement  mixed  in  the  proportions  1:2,  1:4,  and  1:8,  each  propor- 

3  Journal  American  Concrete  Institute,  October,  1914,  p.  17. 
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tion    including    the    three    consistencies    "dry,"    "moist,"    and 
"plastic."     The  per  cent  of  water  used  was  as  follows: 


Consistency 

Proportions  (cement: sand) 

1:2 

1:4 

1:8 

Per  cent  water  used 

Dry 

6.5 
9.0 
10.5 

5.5 

4.5 

8.0 
9.0 

6.5 

8.0 

The  blocks  representing  each  of  the  above  proportions  and 
consistencies  were  made  on  five  commercial  block  machines 
which  were  in  common  use  at  the  time  the  tests  were  made. 

The  blocks  which  are  shown  in  Fig.  g  may  be  described  briefly 
as  follows : 

Machine  A:  Two-piece  wall  block  with  web  at  center. 

Machine  B :  One-piece  double  air  space  4-core  block. 

Machine  C :  One-piece  single  air  space  single-core  block. 

Machine  D :  One-piece  single  air  space  4-core  block. 

Machine  B:  One-piece  single  air  space  double-core  block. 

Owing  to  the  fact  that  a  single  block  would,  in  compression, 
exceed  the  capacity  of  the  largest  available  testing  machine,  the 
transverse  tests  were  first  made  and  then  portions  of  the  two 
halves  were  tested  in  compression.  A  parallel  set  of  mortar 
cylinders  were  molded  at  the  time  the  blocks  were  made  and 
tested  at  later  periods  for  compressive  strength. 

The  transverse  strength  was  determined  on  a  20-inch  span 
with  the  load  applied  at  the  center  of  the  block. 

All  blocks  and  cylinders  were  tamped  to  weigh  within  %  pound 
of  a  prescribed  weight  to  insure  uniform  density  as  a  whole,  but 
since  all  specimens  were  hand  tamped  there  was  no  assurance 
that  the  different  portions  of  the  mass  were  homogeneous.  It  is 
probable,  however,  that  these  specimens  compared  favorably 
with  the  commercial  hand-tamped  block. 

The  modulus  of  rupture  was  figured  for  each  type  of  block  at  a 
transverse  plane,  where  rupture  usually  occurred,  and  this  gave 
the  maximum  value.  For  blocks  C  and  D  this  section  was  the 
center,  while  for  the  others  it  was  about  2  inches  from  the  center, 
or  where  the  web  joins  the  wall  of  the  block. 

Since  the  broken  portions  of  the  blocks  were  used  in  the  com- 
pression tests  the  pieces  tested  for  compression  were  not  uniform, 
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Fig.  9. — Types  of  mortar  building  blocks  used  in  tests 


Proportions 


*   £800 


,  12400 


£2000 


1600 


Fig.  10. — Comparison  of  the  compressive  strength  of  mortar  building  blocks  with  the 
compressive  strength  of  8  by  16  inch  cylinders  of  the  same  materials.     (See  Table  6) 
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and  the  smallest  area  of  the  piece  was  used  in  calculating  the 
unit  stress. 

The  results  given  in  Table  6  show  that  with  few  exceptions  the 
mortars  mixed  with  the  greatest  amount  of  water  were  strongest. 
There  is  not  a  close  agreement  between  the  compressive  strengths 
as  determined  from  the  cylinders  and  from  portions  of  the  blocks. 
(See  Fig.  10.)  These  differences  may  be  accounted  for  in  four 
wavs,  (a)  shape  of  test  specimen,  making  the  method  of  calcula- 
tion incorrect,  (b)  previous  injury  to  sections  of  the  block  during 
the  transverse  test,  (c)  improper  centering  of  the  block  in  testing 
machine,  and  (d)  difference  in  methods  of  molding  and  curing 
cylinders  and  blocks. 

The  cylinders  would  be  expected  to  have  a  lower  unit  strength 
than  the  pieces  of  blocks  if  the  variation  was  due  in  large  part  to 
the  method  of  calculation  on  account  of  the  irregular  shape  of  the 
block  test  piece.  The  cylinders,  however,  in  most  cases,  had  a 
greater  unit  strength  than  the  block  sections.  Tt  is  possible 
that  some  of  the  block  sections  were  injured  during  the  transverse 
test  in  such  a  way  as  to  affect  the  compressive  strength,  but  there 
was  no  way  of  determining  the  extent  of  this  injury.  The  block 
sections  being  of  odd  shape,  it  was  often  difficult  to  center  them  in 
the  testing  machine  and  the  load  was  applied  eccentrically, 
which  would  result  in  failure  at  a  load  under  that  which  might 
occur  if  uniformly  loaded.  The  blocks  were  molded  with  special 
tampers,  and  the  thin  walls  would  probably  be  more  difficult  to 
tamp  than  the  cylinders;  also  the  blocks  were  removed  from  the 
molds  immediately  after  molding  while  the  cylinders  remained 
in  the  molds  for  24  hours,  which  may  account  for  some  of  the 
variations. 

While  these  results  may  indicate  that  some  of  the  machines 
may  turn  out  blocks  superior  to  the  others  as  to  strength,  as  shown 
in  Fig.  1 1  ,it  should  be  considered  that  within  practical  and  ordinary 
commercial  limits  the  strength  of  the  individual  blocks  is  usually 
a  secondary  consideration  and  that  the  real  value  of  the  building 
block  is  measured  by  its  moisture  proof  or  water  repellant  qualities. 
These  qualities  are  more  dependent  upon  selection,  proportioning 
of  materials,  and  processes  of  manufacture  than  upon  the  type  of 
machine  used.  The  automatic  tamper,  which  is  now  in  general 
use,  aids  in  securing  a  dense,  homogeneous  block,  and  allows  the 
use  of  a  slightly  wetter  mortar  than  can  be  molded  by  hand. 
Where  the  blocks  are  covered  with  stucco  their  water  repellant 
properties  are  not  of  so  much  importance. 
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(C)  Tensile  Strength  of  Briquettes. — Since  sands  have  been 
commonly  tested  by  determining  their  tensile  strength  in  mortars 
as  compared  with  standard  Ottawa  sand  mortars,  such  tests  were 
made  of  most  of  the  sands  and  results  are  given  in  Table  7.  The 
results  of  tests  of  sands  1  to  157  are  arranged  according  to  their 
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Fig.  11. 


-Compressive  strength  of  five  types  of  mortar  building  blocks.     All  were  made  of 
a  plastic  consistency.     (See  Table  6) 

fineness,  as  indicated  by  the  granularmetric  curves,  the  coarsest 
being  No.  i  and  the  finest  No.  157.  Results  of  tests  of  other 
samples  are  arranged  according  to  density  of  the  mortar. 

The  specification  of    the  American  Concrete    Institute  would 
reject  107  of  138  sands,  or  78  per  cent,  on  account  of  low  tensile 
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strength  as  compared  with  standard  Ottawa  sand  mortars.  About 
65  per  cent  of  the  samples  had  a  tensile  strength  greater  than  90 
per  cent  of  the  strength  of  standard  sand  mortars.  Many  of  these 
sands  have  a  comparatively  high  compressive  strength  and  would 
pass  specifications  if  the  latter  required  only  compressive  strength. 

Fig.  12,  in  which  the  tensile  strength  at  13  weeks  was  plotted 
against  density,  shows  some  very  large  differences  in  strength  for 
different  sands  when  the  density  is  approximately  the  same.  There 
is  practically  no  difference  in  tensile  strength  between  the  sands 
having  rounded  and  sharp  grains.  The  grand  average  tensile 
strength  of  all  results  is  as  follows:  Rounded,  349;  sharp,  342; 
medium  sharp,  341. 

In  Fig.  13  the  tensile  results  have  been  divided  into  four  groups, 
according  to  strength,  and  plotted  according  to  Feret's  4  three- 
coordinate  method  for  such  tests. 

In  this  figure  the  F  or  fine  particles  are  those  passing  a  No.  30 
sieve,  the  M  or  medium  particles  those  passing  a  No.  10,  but 
retained  on  a  No.  30  sieve,  and  the  G  or  large  particles  those 
retained  on  the  No.  10  sieve,  but  passing  a  34 -inch  sieve.  These 
were  the  only  sieves  available  nearest  those  originally  recom- 
mended by  Feret.  The  proportion  of  each  of  the  three  sizes  in 
the  sand  is  represented  by  its  perpendicular  distance  from  the 
side  opposite  each  apex.  For  example,  at  the  apex  F  the  compo- 
sition is  F  =  1 ,  G  =  o,  and  M  =  o.  This  method  indicates  but  very 
little  more  clearly  the  relation  of  fineness  and  strengths  than  the 
customary  plotting  of  the  entire  granularmetric  analysis.  It  does, 
however,  show  that  generally  the  lower  strengths  are  obtained 
from  the  finer  sands.  In  Fig.  14  is  shown  typical  gradations  of  fine 
and  coarse  sands. 

In  Table  ya  are  shown  the  results  of  long-time  tensile  tests  of 
neat  cements  and  of  standard  Ottawa  and  quartz  sand  mortars 
made  with  the  same  cements.  With  the  exception  of  the  cement 
from  bin  5,  all  cement  used  was  produced  by  the  same  mill.  With 
few  exceptions  the  neat  cements  attained  their  maximum  strength 
at  the  ages  of  26  or  39  weeks,  the  strength  then  decreasing  until  at 
5  years  it  was  approximately  equal  to  that  at  the  age  of  3  days. 
The  5 -year  average  for  the  neat  tests  is  just  high  enough  to  pass 
the  present  2 8 -day  specification  requirement  of  600  pounds.  The 
mortar  briquettes  reached  their  maximum  strength  between  the 
ages  of  13  weeks  and  1  year,  and  after  that  period  show  a  falling 

4  Annates  des  Ponts  et  Chaussees,  1892,  "Concrete,  Plain  and  Reinforced,"  by  Taylor  and  Thompson, 
p.  144. 
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off  of  about  30  per  cent  of  the  maximum.  The  Ottawa  sand  mor- 
tars are  at  all  later  periods  generally  well  above  the  28-day  speci- 
fication requirement  of  275  pounds. 

The  grand  average  results  of  all  samples  at  each  age  are  shown 
diagrammatically  in  Fig.  14a. 

The  specific  gravity  and  percentage  of  absorption  of  sands 
seem  to  bear  little  relation  to  the  tensile  strength  of  the  mortars 


A    =  401  to  512  lbs.  per  square  inch 

x    =  351  to  400   lbs.  per  square  inch 

O    e  301  to  350  lbs.  per  square  inch 

•    =  186  to  300  lbs.  per  squure  inoh 
80 


FiG.  13 . — Showing  the  fineness,  according  to  Feret,  of  sands  having  a  tensile  strength  between 
186  and  512  pounds.     (See  p.  32) 

made  from  them.  The  percentage  of  voids,  density,  and  weight 
per  cubic  foot  are  closely  related.  Generally  the  lower  the  voids 
the  greater  is  the  density  and  the  greater  the  strength  of  the 
resulting  mortar.  Sands  having  30  to  35  per  cent  voids  are 
usually  fairly  well  graded.  There  are  not  many  sands  included 
in  this  investigation  which  had  less  than  33  per  cent  of  voids. 

The  "uniformity  coefficient"  appears  to  be  of  less  value  as  a 
criterion  of  the  quality  of  a  sand  for  use  in  concrete  than  the 
granular  analysis. 

A  consideration  of  all  the  physical  properties  of  sands  with  rela- 
tion to  the  strength  results,  indicates  that  it  is  impossible  to  adopt 
any   specification   for   sand,   based   upon   these   characteristics, 
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which  will  not  reject  sands  which  may  be  satisfactory  in  use,  or 
which  may  not  admit  materials  that  may  be  proven  unsatisfac- 
tory by  further  tests. 

2.  PORTLAND  CEMENT  CONCRETE  MIXTURES 

(A)  Quality  as  Affected  by  the  Type  of  Aggregate. — 
The  results  shown  in  Tables  8  to  17  include  results  of  tests  on 
concrete  cylinders  and  cubes,  made  of  various  proportions  of 
cement  and  all  types  of  aggregate  and  tested  at  periods  up  to 
one  year.  Throughout  these  tables  it  will  be  found  that  only  a 
few  sands  were  used  as  fine  aggregates  with  the  many  coarse 
materials,  so  that  a  more  direct  comparison  of  results  may  be 
made  than  when  different  sands  are  used  with  the  different  coarse 
aggregates.  In  most  cases  there  is  not  a  great  difference  in  the 
quantity  of  water  used  for  the  different  materials.  In  every 
case  an  attempt  was  made  to  obtain  the  same  wet  or  "mushy" 
consistency  so  that  the  percentage  of  water  was  varied  slightly 
due  to  differences  in  the  aggregates. 

Throughout  these  tables  the  proportions  are  reported  in  volume 
measure,  but  uniformity  was  insured  at  the  time  of  mixing  by 
weighing  all  materials,  whose  weight  per  unit  volume  had  been 
carefully  determined  previously. 

The  compressive  strength,  yield  point,  and  modulus  of  elas- 
ticity of  several  materials  are  given  in  Table  8,  which  includes 
the  results  of  tests  on  18  limestones,  11  gravels,  3  granites,  2 
trap  rocks,  and  1  cinder,  made  up  into  concrete  of  1:2:4  propor- 
tions and  molded  in  the  form  oi  standard  8  by  16  inch  cylinders. 

At  the  end  of  four  weeks  the  range  of  compressive  strength,  in 
pounds  per  square  inch,  was  as  follows: 

Limestone,  1276  to  3984,  range  of  213  per  cent. 
Granite,  2376  to  3054,  range  of  29  per  cent. 
Gravel,  888  to  4126,  range  of  354  per  cent. 

Had  there  been  more  granites  tested  it  is  very  likely  that  the 
range  of  values  at  this  period  would  have  been  greatly  increased. 
Many  of  the  values  obtained  with  the  limestone  exceeded  the 
highest  value  obtained  with  granite,  but  the  average  is  greatly 
reduced  on  account  of  many  low-testing  limestones  being  included. 
With  very  few  exceptions  there  is  a  gradual  increase  in  strength 
with  age  and  those  limestones  tested  at  the  two-year  periods 
were  still  increasing  at  that  time  and  show  unusually  high  values. 
These  results  show  that  there  is  as  great  variation  in  the  strength 
of  aggregates  of  the  same  type  as  between  aggregates  of  different 
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types  and  it  can  not  be  said  in  general  that  any  particular  type  is 
superior  to  all  aggregates  of  any  other  type.  This  is  shown 
diagrammatically  in  Fig.  15. 


Type  of  Aggregate 
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Fig.  15. — Average  and  range  of  compressive  strengths  of  1-2-4  concrete  made  of  a 
large  number  of  aggregates  of  different  types.  (Test  pieces,  8  by  16  inch  cylinders. 
See  Table  8) 

Table  9  shows  the  results  of  tests  on  the  1:3:6  proportion  con- 
crete using  practically  the  same  aggregates  as  in  the  1:2:4  con- 
crete, results  of  which  were  given  in  Table  8.     Here,  again,  it  is 
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found  that  the  compressive  strength  at  the  age  of  four  weeks 
may  vary  as  much  as  several  hundred  per  cent  not  only  among 
aggregates  of  the  same  type,  but  between  those  of  different  types. 
For  example,  at  the  four- week  period  granite  317  and  limestone 
160  showed  a  variation  in  strength  of  nearly  300  per  cent.  The 
same  sand,  181,  was  used  with  both  of  these  aggregates. 

Tables  10  and  11  contain  results  of  tests  on  1:1:5  and  1:2:7 
concretes  made  from  a  few  of  the  aggregates  included  in  the  pre- 
ceding tables.  The  range  of  values  is  not  so  great,  due  to  the 
inclusion  of  a  smaller  number  of  materials  of  the  limestone  and 
gravel  type.  As  in  the  preceding  tables,  the  yield  points  and 
initial  moduli  of  elasticity  show  a  constant  increase  with  age 
with  a  few  exceptions. 

The  values  shown  in  Table  12  are  especially  interesting  in  that 
the  proportions  of  materials  used  are  based  upon  the  voids  in  the 
aggregate,  a  method  often  used  in  practice  when  the  voids  are 
known.  In  this  work  the  amount  of  cement  used  was  10  per  cent 
in  excess  of  the  calculated  voids  in  the  sand,  as  determined  in 
accordance  with  methods  previously  described,  and  the  amount 
of  mortar  used  was  16  per  cent  in  excess  of  the  calculated  voids  in 
the  coarser  aggregate.  Sand  183  was  used  in  most  of  the  theo- 
retical mixtures  and  the  same  sand  was  used  with  several  of  the 
same  aggregates  in  the  1:2:4  and  1:3:6  proportions,  which 
allows  a  direct  comparison,  as  shown  in  Table  13. 

From  the  results  given  in  Table  1 3  it  will  be  seen  that  with  only 
one  or  two  exceptions  the  theoretical  mixture,  using  the  same  sand 
throughout,  shows  greater  strength  at  all  periods  than  the  1:3:6 
mixture,  but  in  every  case  the  1:2:4  mixture  is  superior  to  both. 
The  strength  of  the  theoretical  mixture  is  approximately  what 
might  be  expected  from  a  proportional  reduction  in  the  ratio  of 
cement  to  the  total  quantity  of  coarse  aggregate  when  the  pro- 
portion of  coarse  aggregate  to  fine  aggregate  is  approximately  as 
2  to  1.  The  theoretical  proportions,  calculated  by  this  void 
method  for  gravel  aggregates  of  Table  12,  require  an  especially 
large  quantity  of  coarse  aggregates,  varying  from  6.2  parts  to  11.4 
parts.  Since  these  aggregates  which,  when  used  in  this  manner, 
require  large  volumes  of  coarse  aggregate,  have  usually  a  low  com- 
pressive strength,  it  should  be  kept  in  mind  that  any  reduction  in 
the  proportions  of  cement  to  total  aggregate  of  maximum  density 
usually  results  in  a  corresponding  reduction  in  strength. 

The  void  method  of  proportioning  concrete  is  often  used  upon 
the  assumption  that  great  density  is  obtained;  that  is,  it  is  assumed 
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that  the  total  volume  of  the  fine  and  coarse  aggregate  combined 
is  equal  to  the  original  volume  of  the  coarse  aggregate. .  While 
density  tests  were  not  made  on  the  concretes  made  from  these 
particular  materials  a  comparison  of  the  weights  per  cubic  foot 
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FlG.  17. — Effect  of  age  on  the  ratio  of  the  compressive  strength  of  8  by  16  inch  cylinders  to 
6-inch  cubes.     (See  Table  ij) 

of  the  theoretically  proportioned  concrete  and  the  1:2:4  and 
1:3:6  concretes  of  the  same  aggregates  indicate  that  there  is  not 
much  difference  in  density.  Fig.  16  shows  why  the  void  method 
of  proportioning  is  of  no  value,  as  the  relative  sizes  of  the  several 


Fig.  18. — Variation  of  yield  point  with  age  of  1-2-4  and  I-3-6  concretes  in  which  granite, 
gravel,  and  limestone  aggregates  were  used.  (Test  pieces,  8  by  16  inch  cylinders.  See 
Tables  8  and  g.)  (Figures  denote  the  number  of  materials  averaged.  The  number  of 
test  pieces  represented  is  at  least  three  times  the  number  of  materials) 

materials  which  are  combined  is  not  considered  and  it  is  assumed 
that  a  quarter-inch  diameter  stone  will  fill  the  voids  in  stone 
particles  i  inch  or  smaller  in  diameter  without  wedging  them 
apart.     Due  to  the  wedging  action  of  the  small  particles  the  large 
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aggregate  is  forced  apart  so  that  the  density  of  the  mixture,  after 
water  and  cement  are  added,  is  certain  to  be  less  than  that  calcu- 
lated excepting  under  extraordinary  conditions. 

In  order  that  the  concrete  may  be  worked  into  place  with  the 
usual  methods  of  handling,  it  is  necessary  to  "  oversand  "  the  mix- 
ture to  a  certain  extent.  When  an  excess  of  sand  is  not  present, 
it  is  almost  impossible  to  secure  a  dense  mass  free  from  large  voids 
and  air  pockets,  although  calculations  may  indicate  that  such  a 
combination  of  sizes  should  give  the  denser  concrete.  A  slight 
increase  of  the  sand  content  over  that  theoretically  required  for 
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Fig.  19. —  Variation  of  initial  modulus  of  elasticity  with  age  of  1-2-4  and  I~3~^  concretes 
in  which  granite,  gravel,  and  limestone  aggregates  were  used.  {Test  pieces,  8  by  16 
inch  cylinders.  See  Tables  8  and  9.)  {Figures  denote  the  number  of  materials  aver- 
aged. The  number  of  test  pieces  represented  is  at  least  three  times  the  number  of  ma- 
terials) 

maximum  density  will  show  a  greater  calculated  void  space,  but 
in  practice  best  results  will  be  secured  with  such  a  combination. 

Table  14  includes  tests  of  all  cylinders  made  up  of  the  odd  pro- 
portions which  have  not  been  included  in  the  preceding  tables  due 
to  the  small  number  of  tests  of  any  single  mixture.  Direct  com- 
parison can  be  made  between  the  results  of  this  table  and  those  of 
the  preceding  tables. 

The  results  of  compression  tests  on  6-inch  cubes  are  shown  in 
Tables  15  and  16.  In  these  tables  practically  all  the  aggregates 
used  in  the  cylinder  tests  are  represented  and  each  material  was 
used  in  a  number  of  different  proportions.  In  Table  15  are  shown 
the  four- week  results  of  tests  on  proportions  ranging  from  1:0:6 
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to  1:4:2  and  1 :  o:  9  to  1:4:5.  Table  16  contains  the  results  of 
all  tests  up  to  one  year  of  the  theoretical,  1:2:4  and  1:3:6  pro- 
portions, which  were  the  only  mixtures  tested  at  periods  later  than 
four  weeks. 

The  results  here,  as  in  the  case  of  the  cylinder  tests,  show  that  it 
is  impossible  to  state  in  general  that  any  one  type  of  aggregate  is 
superior  to  another  as  an  aggregate  for  concrete,  especially  when  a 
sufficient  number  of  aggregates  to  fairly  represent  the  range  of 
quality  of  that  type  are  included.     The  cubes  have  greater  strength 
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Fig.  20. — Variation  of  compressive  strength  with  age  of  1-2-4  and  1—3-6  concretes  in. 
which  granite,  gravel,  and  limestone  aggregates  were  used.  {Test  pieces,  8  by  16  inch 
cylinders.  See  Tables  8  and  g.)  {Figures  denote  the  number  of  materials  averaged. 
The  number  of  test  pieces  represented  is  at  least  three  times  the  number  of  materials) 

than  the  cylinders,  as  is  seen  by  comparing  the  results  of  these 
tables  with- those  of  Tables  8  to  14.  A  further  comparison  is  made 
in  Table  1 7  and  the  relation  of  the  ultimate  strength  of  the  cylin- 
ders to  cubes  is  shown  in  Fig.  17. 

In  Table  19  the  strength  attained  by  1:2:4  concrete  using  sea- 
shore sand,  of  which  99  per  cent  passed  the  No.  50  sieve,  should  be 
noted.  At  the  four- week  period  this  concrete  exceeded  the  value 
of  2000  pounds  per  square  inch  compressive  strength,  which  is 
ordinarily  considered  as  standard  for  that  mixture,  and  there  is  a 
constant  increase  in  strength  at  later  periods. 
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The  effect  of  age  on  the  ratio  of  yield  point  to  ultimate  com- 
pressive strength  of  granite,  gravel,  and  limestone  concretes  of 
1:2:4  and  1:3:6  proportions  are  shown  in  Fig.  18. 

In  Fig.  19  is  shown  the  variation  with  age  of  the  average  initial 
modulus  of  elasticity  of  granites,  gravels,  and  limestone  concretes 
of  1:2:4  and  1:3:6  proportions. 

Fig.  20  shows  the  average  ultimate  compressive  strength  of 
granite,  gravel,  and  limestone  concretes  in  1:2:4  and  1:3:6  pro- 
portions up  to  the  age  of  one  year. 

Typical  stress  strain  curves  are  shown  in  Fig.  21  for  one  aggre- 
gate which  seems  to  be  representative  of  many  of  the  aggregates 
at  the  age  of  one  month  for  various  proportions. 

All  results  of  tests  so  far  considered  would  indicate  that  the 
type  of  aggregate  is  no  guaranty  of  strength  in  concrete,  even 
though  strength  were  alone  due  to  the  materials  used,  but  that 
qualities  such  as  hardness,  shearing  strength,  and  gradation  of 
particles  are  of  even  more  importance. 

(B)  Quality  as  Affected  by  Method  of  Mixing. — In  Table 
18  are  shown  two  series  of  results  of  tests  on  concrete  cylinders 
in  which  all  variables  were  eliminated  except  the  workmanship  in 
mixing  the  concrete. 

All  materials  except  mixing  water  were  weighed  out  by  the 
laboratory  force  and  turned  over  to  the  forces  of  three  concrete 
construction  companies  designated  by  the  letters  A,  B,  and  C. 
A  similar  lot  of  materials  in  each  case  was  mixed  by  the  laboratory 
force. 

Bach  company  used  its  own  judgment  in  the  process  of  mixing 
and  in  the  addition  of  water,  the  instructions  to  each  requiring 
that  the  work  be  carried  out  just  as  in  actual  construction  work. 
In  every  case  a  record  of  the  amount  of  water  used  was  kept  by 
the  laboratory  force. 

In  order  that  the  molding  might  be  done  in  a  uniform  manner, 
and  to  eliminate  any  errors  in  results  which  might  be  £ue  to  differ- 
ent methods  of  molding,  all  compression  test  pieces  were  made  by 
the  laboratory  force  and  stored  under  uniform  conditions  as 
described  below. 

The  test  pieces  marked  "outside "  were  molded  in  the  laboratory 
and  after  48  hours  the  molds  were  removed  and  the  cylinders 
placed  outside,  where  they  were  exposed  to  the  weather.  Those 
marked  "inside"  were  molded  in  the  laboratory  and  after  24 
hours  were  placed  in  the  damp  room,  where  they  were  sprinkled 
three  times  daily. 
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The  exact  method  of  mixing  the  concrete  as  employed  by  each 
contractor  was  as  follows : 

Company  A . — The  hand-mixed  concrete  was  prepared  by  spread- 
ing the  stone  out  in  a  thin  layer  on  a  cement  floor,  spreading  the 
sand  out  on  top  of  the  stone  and  the  cement  on  top  of  the  sand. 
The  material  was  then  formed  into  a  pile  by  four  men  shoveling 
in  the  outer  edges  of  the  layers.  The  material  was  then  turned 
into  a  second  pile  by  two  men,  from  which  two  others  would  turn 
it  into  a  third.  This  made  one  partial  dry  mix  by  shoveling  up 
the  original  pile  and  two  thorough  dry  turnings. 

Water  was  then  added  from  a  bucket,  the  shovelers  meanwhile 
cutting  the  pile  down  in  roughly  concentric  circles,  until  about 
three-fourths  of  the  total  water  was  added. 

The  wet  material  was  then  turned  twice  in  the  same  manner  as 
the  dry  material,  water  being  added  from  a  bucket  as  the  foreman 
thought  necessary.  In  order  to  arrive  at  the  percentage  of  water 
that  was  used,  the  weight  of  water  contained  in  a  full  bucket  was 
determined  and  a  record  kept  of  the  number  of  buckets  used  in 
each  batch. 

In  appearance  the  consistency  was  a  trifle  wetter  than  that 
described  as  quaking  consistency. 

The  machine-mixed  concrete  was  prepared  in  a  1  cubic  yard 
Chicago  cube  mixer  and  the  dry  material  in  the  proper  propor- 
tions was  delivered  to  the  charging  hopper  of  the  mixer  by  the 
laboratory  force.  The  material  on  being  dumped  into  the  mixer 
received  scarcely  any  dry  mixing,  water  being  added  almost 
immediately.  The  water  was  run  into  the  mixer  from  a  barrel 
which  rested  on  a  platform  scale  above  the  mixer.  The  con- 
tractor was  instructed  to  run  in  water  until  he  had  obtained  what 
he  considered  the  desired  consistency,  after  which  the  weight  of 
water  that  was  used  was  read  from  the  scale  and  recorded  by  the 
laboratory  force. 

The  mixer  was  dumped  as  soon  as  the  proper  amount  of  water 
had  been  run  in. 

Company  B. — A  slightly  different  method  was  followed  when 
mixing  the  concrete  for  inside  and  outside  use.  The  change  in 
the  method  of  mixing  was  not  made  because  the  concrete  was  to 
be  used  outside,  but  because  the  contractor  thought  he  could 
work  more  rapidly  with  the  new  method  of  mixing. 

All  hand  mixing  of  concrete  used  outside  was  done  on  a  cement 
floor  by  four  men  with  shovels.  The  dry  material  was  delivered 
on  the  floor  in  the  same  order  and  was  mixed  in  the  same  manner 
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as  was  that  used  by  company  A.  It  was  cut  down  into  a  layer 
about  8  inches  deep  with  the  edges  somewhat  higher  than  the 
center.  Water  was  then  run  in  from  a  hose  attached  to  a  water 
barrel  mounted  on  a  platform  scale,  the  concrete  at  the  same  time 
being  cut  into  with  a  spade.  Almost  all  the  water  was  added  at 
this  time,  the  remainder  being  put  in  while  the  wet  concrete  was 
being  mixed.  The  amount  of  water  to  be  used  was  left  entirely 
to  the  judgment  of  the  contractor,  a  record  of  the  amount  used 
being  kept  by  the  laboratory  force. 

The  edges  of  the  pile  were  thrown  in  toward  the  center,  after 
which  the  concrete  was  mixed  by  shoveling  into  two  piles,  being 
cut  into  with  shovels  at  the  same  time. 

For  the  concrete  used  inside  the  dry  material  was  delivered  on 
the  floor  in  the  same  order  as  previously  described,  but  each 
material  was  not  first  spread  out  before  the  next  was  added. 
When  all  the  material  had  been  delivered,  it  was,  consequently,  an 
irregular  pile  instead  of  in  three  uniform,  comparatively  thin 
layers.  From  this  pile  two  men  turned  the  dry  material  into  a 
second,  while  a  third  man  continued  to  shovel  the  first  pile  into 
a  pyramid,  thus  turning  some  of  the  material  before  it  was  turned 
into  the  second  pile.  The  dry  material  was  mixed  twice  in  this 
manner. 

Instead  of  spreading  the  material  out  into  a  shallow  trough 
before  turning,  only  a  portion  of  the  dry  material  was  leveled  off 
on  one  side  of  the  pile  and  water  added  from  a  hose  while  two 
men  turned  the  mixture.  When  sufficient  water  had  been  added 
the  concrete  was  turned  twice  in  the  same  manner  as  was  the  dry 
material. 

For  the  machine-mixed  concrete  the  contractor  followed  the 
same  method  as  the  previous  contractor,  in  that  water  was  run 
into  the  mixer  as  soon  as  the  dry  material  was  dumped  into  it  by 
the  charging  hopper.  As  soon  as  all  the  water  had  been  added, 
the  mixer  was  tilted  and  the  concrete  dumped  on  the  cement 
floor.  This  was  the  most  fluid  concrete  used  in  these  tests,  the 
percentage  of  water  being  almost  14  per  cent,  while  the  next 
lowest  was  about  1 1  per  cent.  The  concrete  was  so  wet  that  when 
dumped  on  the  floor  a  mass  of  about  0.6  cubic  yards  would  lie  in 
a  pile  about  4  inches  high,  while  the  surface  of  the  gravel  appeared 
comparatively  clean,  little  mortar  seeming  to  stick  to  it. 

The  compression  cylinders  were  molded  by  the  laboratory  force 
by  placing  the  concrete  in  approximately  3 -inch  layers  and 
tamping.     The  agitation  of  such   a  wet  material  composed  of 
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particles  differing  greatly  in  size  resulted  in  its  separation,  so 
that  when  the  cylinders  were  tested  the  top  of  the  cylinder  was 
found  to  consist  of  almost  all  the  gravel  mixed  with  a  little  mortar, 
while  the  bottom  contained  the  cement,  sand,  and  smaller  aggre- 
gate. 

Failure  took  place  on  the  line  separating  tne  fine  and  the  coarse 
material,  and  the  strength  is  in  all  probability  not  governed  entirely 
by  the  percentage  of  water. 

Company  C. — The  hand-mixed  concrete  was  prepared  on  a 
cement  floor  by  four  men  with  shovels.  A  layer  of  stone  was  first 
placed  on  the  floor,  then  a  layer  of  sand,  and  lastly  the  required 
amount  of  cement.  The  pile  was  then  shoveled  out  into  a  layer 
about  8  inches  deep.  Four  men  started  at  the  four  corners  of  the 
pile,  two  in  each  case  shoveling  toward  each  other.  This  separated 
the  larger  layer  into  two  piles.  After  the  concrete  had  been 
separated  in  this  way,  two  men  shoveling  from  each  of  the  two 
piles  turned  the  dry  concrete  back  into  one  pile,  after  which  it  was 
spread  out  in  a  layer  about  8  inches  deep. 

Nearly  all  the  water  was  then  added,  the  concrete  being  cut  into 
with  shovels  to  aid  the  penetration  of  the  water  to  the  interior. 
The  material  was  mixed  wet  in  a  manner  similar  to  the  dry  mix, 
more  water  being  added  whenever  the  concrete  seemed  a  little  dry. 

The  consistency  of  the  concrete  used  corresponded  very  closely 
to  that  described  in  this  paper  as  mushy,  although  it  was  slightly 
wetter. 

The  machine-mixed  concrete  was  prepared  in  substantially  the 
same  manner  as  was  that  used  by  the  preceding  contractors. 
Water  was  added  to  the  dry  material  as  soon  as  it  had  been  dumped 
into  the  mixer  and  the  mixer  tilted  as  soon  as  all  the  water  had 
been  added. 

Laboratory  force. — The  method  employed  in  preparing  the 
machine-mixed  concrete  was  to  dump  the  dry  materials  into  the 
mixer,  which  was  turned  for  two  minutes  when  the  water  was 
added  to  give  a  quaking  or  mushy  consistency  and  the  mixing 
continued  for  three  minutes  more.  As  the  material  was  dumped 
on  the  floor  it  appeared  somewhat  lumpy  and  stood  in  a  pile  with 
steep  slopes. 

The  results  of  tests  are  shown  in  the  table  for  both  1:2:4  and 
1:3:6  mixtures.  The  latter  included  both  gravel  amd  limestone 
concretes,  both  hand  and  machine  mixed;  the  1:2:4  concrete  was 
made  of  gravel  aggregate  and  was  machine  mixed.     Since  the 
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curing  conditions  were  entirely  different,  no  comparison  can  be 
made  between  the  cylinders  stored  "outside"  and  those  stored 
"  inside  "  with  respect  to  workmanship  or  method  of  mixing.  The 
tests  of  cylinders  stored  under  similar  conditions,  however,  give  a 
direct  comparison  of  the  range  of  values  which  may  be  expected 
when  only  workmanship  in  mixing  is  concerned. 

The  following  results  were  obtained  with  1:3:6  gravel  and  lime- 
stone concrete  mixtures: 

(a)  Hand-Mixed  1:3: 6  {by  volume)  Gravel  Concrete  Stored  Exposed 
to  Weather. — At  four  weeks  the  average  of  each  company's  output 
had  a  range  from  441  to  864  pounds  per  square  inch,  or  96  per  cent 
of  the  lowest  average,  which  is  that  of  company  B.  The  range  of 
results  of  single  test  pieces  is  573  pounds,  or  130  per  cent.  At  13 
weeks  the  range  of  averages  is  from  577  to  852  pounds,  or  48  per 
cent;  and  of  single  results  is  439  pounds,  or  77  per  cent.  At  both 
periods  the  highest  strength  was  obtained  by  company  A,  second 
by  company  C,  and  third  by  company  B,  inversely  in  order  of  the 
amount  of  water  used.  There  was  no  increase  in  strength  at  the 
second  period  of  the  concrete  made  by  company  A,  while  company 
B,  using  the  largest  amount  of  water,  showed  the  greatest  gain  in 
strength  with  age. 

(b)  Hand-Mixed  1:3:6  {by  volume)  Gravel  Concrete  Stored  in 
Laboratory. — At  four  weeks  the  range  of  average  values  for  the 
various  contractors  was  from  384  to  622  pounds  per  square  inch, 
or  62  per  cent  of  the  lowest,  and  the  range  of  single  results  was  374 
pounds,  or  86  per  cent. 

At  13  weeks  the  range  of  averages  was  from  748  to  13 13  pounds, 
or  75  per  cent,  wThile  the  range  of  single  results  was  12 17  pounds, 
or  217  per  cent.  Company  C,  at  four  weeks,  using  9.4  per  cent 
water  (the  minimum),  obtained  an  average  strength  of  384 
pounds,  by  far  the  lowest  of  the  three,  while  at  13  weeks  com- 
pany B,  using  10.8  per  cent  water  (the  minimum)  at  this  period, 
obtained  a  maximum  strength  of  131 3  pounds,  considerably  in 
excess  of  the  other  two  companies.  At  this  age  company  C 
obtained  with  11  per  cent  of  water  a  value  of  only  827  pounds  per 
square  inch,  which  is  only  slightly  higher  than  company  B 
obtained  at  four  weeks  with  only  0.2  per  cent  less  of  water. 

(c)  Machine-Mixed  1:3:6  {by  Volume)  Gravel  Concrete  Stored 
Exposed  to  Weather. — The  only  set  of  test  pieces  treated  in  this 
manner  were  prepared  by  the  laboratory  force  and  can  best  be 
compared  with  the  "  Hand-mixed  cured  outside,"  first  referred  to. 
At  four  weeks,  using  9.8  per  cent  water,  the*  results  obtained  were 
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exceeded  by  company  A  with  10.9  per  cent  of  water,  but  at  13 
weeks  the  results  obtained  by  company  A  were  exceeded  about 
25  per  cent,  using  only  0.1  per  cent  less  water. 

(d)  Machine-Mixed  1:3:6  (by  Volume)  Gravel  Concrete  Stored 
in  Laboratory. — This  set  includes  specimens  made  from  concrete 
prepared  by  the  laboratory  force,  as  well  as  by  the  contractors. 
At  four  weeks  the  range  of  averages  was  from  558  to  1027  pounds, 
or  84  per  cent,  and  the  range  of  single  results  was  588  pounds,  or 
109  per  cent.  At  13  weeks  the  range  of  averages  was  from  937 
to  1 606  pounds,  or  7 1  per  cent,  and  the  range  of  single  values  was 
768  pounds,  or  88  per  cent. 

The  highest  values  at  both  periods  were  obtained  by  the  labora- 
tory force,  which  used  the  lowest  percentage  of  water  in  mixing 
while  the  lowest  results  were  obtained  by  company  B,  which  used 
the  highest  percentage  of  water.  At  both  periods  and  including 
all  four  sets  of  results  the  strength  varied  inversely  as  the  percent- 
age of  mixing  water,  with  the  exception  of  the  results  of  company 
B.  The  results  obtained  by  machine  mixing  were  from  30  to 
90  per  cent  in  excess  of  those  obtained  by  hand  mixing.  It  is 
very  probable  that  the  failure  of  company  B  to  obtain  superior 
results  with  the  machine  was  due  to  the  large  excess  of  water 
used. 

(e)  Hand-Mixed  1:3:6  (by  Volume)  Limestone  Concrete  Stored 
Exposed  to  Weather. — The  concrete  prepared  by  the  laboratory 
force  was  machine  mixed.  The  range  of  average  results  at  four 
weeks  was  from  390  to  951  pounds  per  square  inch,  or  144  per 
cent,  and  the  individual  results  603  pounds,  or  166  per  cent. 
At  13  weeks  the  range  of  averages  was  from  556  to  1222  pounds 
per  square  inch,  or  120  per  cent,  and  for  the  individual  was  843 
pounds,  or  160  per  cent.  Here,  again,  the  strength  varied 
inversely  as  the  percentage  of  water.  At  the  13-week  period  the 
range  of  results  obtained  by  company  C  was  especially  great, 
being  794  pounds,  or  137  per  cent.  In  all  cases  there  was  a  good 
increase  in  strength  at  the  13-week  over  the  4-week  period. 

(f)  Machine-Mixed  1:2:4  (by  Volume)  Gravel  Concrete  Stored 
Exposed  to  Weather. — At  four  weeks  the  range  of  averages  was 
from  1443  to  2312  pounds  per  square  inch,  or  103  per  cent,  and 
the  range  of  single  results  was  1378  pounds,  or  113  per  cent.  At 
13  weeks  the  range  of  averages  was  from  1890  to  2809  pounds  per 
square  inch,  or  53  per  cent,  while  the  range  of  individual  results 
was  1023  pounds,  or  59  per  cent. 

17153°— 16 4 
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The  highest  strength  was  obtained  by  the  laboratory  force 
followed  by  companies  C,  B,  and  A.  The  smallest  amount  of 
water,  8.9  per  cent,  was  used  by  the  laboratory  followed  by  com- 
panies C  and  B,  both  using  9.4  per  cent,  and  company  A  with  11 
and  10.3  per  cent. 

In  the  case  of  the  laboratory  results,  the  increase  at  13  weeks 
is  slight,  while  there  was  a  slight  decrease  on  the  part  of  com- 
pany C.  Good  increases  in  strength  were  shown  by  both  com- 
panies B  and  A,  and  it  is  noticeable  that  in  the  case  of  company 
B  the  value  at  four  weeks  was  20  per  cent  less  than  that  of  com- 
pany C,  which  used  the  same  amount  of  water,  and  at  the  1 3-week 
period  the  strength  of  concrete  prepared  by  company  B  was  still 
below  that  attained  by  company  C  at  the  4-week  period.  This  is 
a  case  where  two  concretes  have  practically  the  same  ultimate 
strength,  attained  in  one  case  by  increasing  with  age  and  in  the 
other  by  the  falling  off  of  a  high  initial  strength.  This  average 
result  is  not  due  to  a  single  abnormally  low  result  at  the  13 -week 
period,  but  all  test  pieces  showed  lower  compressive  strengths 
than  at  the  4-week  period. 

(g)  Machine-Mixed  1:2:4  (by  volume)  Gravel  Concrete  Stored  in 
Laboratory. — At  the  4-week  period  the  range  of  averages  was  from 
1443  to  2312  pounds  per  square  inch,  or  60  per  cent,  and  of  the 
single  values  was  1327  pounds,  or  114  per  cent.  At  13  weeks  the 
range  of  averages  was  from  1890  to  2809,  or  53  per  cent.  Again, 
the  strength  varies  inversely  as  the  amount  of  mixing  water.  The 
gain  in  strength  at  the  13 -week  period  over  the  4-week  period  is 
greater  in  every  case  than  in  the  preceding  set. 

The  values  given  in  Table  18  are  shown  graphically  in  Fig.  22. 

These  results  show  that  the  greatest  variation  in  strength  is 
due  to  the  use  of  varying  quantities  of  water,  but,  with  practically 
the  same  quantity  of  water  and  with  all  other  conditions  the  same 
excepting  the  actual  mixing  of  the  materials,  variations  of  as 
much  as  70  per  cent  in  compressive  strength  are  obtained. 

(C)  Quality  as  Affected  by  the  Method  of  Molding. — In 
Table  19  are  shown  results  of  tests  on  concrete  cylinders  molded 
above  and  below  water.  In  many  cases  it  is  not  possible  to  remove 
water  readily  from  places  in  which  concrete  is  to  be  deposited  and 
it  becomes  necessary  to  place  the  concrete  through  water.  One 
common  method  in  use  is  to  employ  the  pipe  or  tremie,  whose 
lower  end  is  kept  just  below  the  surface  of  the  mass  being  deposited, 
so  that  there  is  no  intermixture  of  the  concrete  and  the  surrounding 
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water  while  being  conveyed  to  the  point  of  deposit.  The  operation 
of  filling  the  cylinder  molds  in  this  particular  series  of  tests  has 
already  been  described. 

The  results  indicate  that  there  is  a  considerable  reduction  in 
strength  of  concrete  deposited  in  this  manner,  especially  in  the  case 
of  the  leaner  mixtures,  such  as  the  i :  3 : 6,  in  which  the  reduction  was 
over400  per  cent  at  the  one-year  period.  This  result  should  be  con- 
sidered with  caution,  however,  as  it  is  probable  that  with  larger 
masses  and  a  large  tremie  the  surface  effect  of  the  form  would  be 
negligible  and  there  would  be  less  segregation  than  occurred  with 
the  specimens  molded.  In  the  case  of  the  1:2:4  proportion  the 
concrete  placed  through  the  tremie  reached  about  70  per  cent  of 
the  value  obtained  from  concrete  deposited  in  the  usual  manner, 
and  there  was  a  constant  gain  in  strength  at  each  period  of  testing. 
The  chief  problem  is  to  keep  the  surrounding  water  from  segre- 
gating the  materials  wThile  the  concrete  is  deposited,  as  is  shown 
by  the  tests  on  concrete  cylinders  which  were  immersed  with  the 
mold  immediately  after  the  concrete  was  deposited.  The  strength 
in  these  cases  was  only  slightly  less  than  that  of  specimens  molded 
and  stored  in  a  moist  atmosphere  in  the  usual  manner. 

(D)  Quality  as  Affected  by  Consistency. — As  was  indicated 
in  the  previous  section  on  "mixing, "  the  strength  of  a  mortar  or 
concrete,  especially  at  the  early  periods,  is  effected  to  a  consider- 
able extent  by  the  consistency  or  the  proportion  of  mixing  water. 

The  results  given  in  Table  2  show  the  effect  of  varying  the 
amount  of  water  in  a  mortar  of  various  proportions.  In  the 
mixture  of  1  part  cement  to  2  parts  sand  there  is  a  difference  in 
strength  at  28  days  between  the  plastic  and  dry  consistencies  of  2499 
pounds,  or  275  per  cent,  while  at  6  months  the  difference  is  191 7 
pounds,  or  about  1 20  per  cent. 

The  range  of  values  for  the  leaner  mixtures  is  less  than  the 
above,  but  is  large  enough  to  indicate  that  consistency  is  one  of 
the  variables  which  largely  controls  the  strength. 

In  Table  20  are  shown  results  of  tests  of  concrete  cylinders  made 
with  varying  percentages  of  mixing  water.  These  results  are 
incomplete  and  unfortunately  were  not  carried  out  as  originally 
planned.  They  are  sufficient,  however,  to  indicate  that  the 
strength  at  the  early  ages  is  materially  affected  by  the  quantity 
of  water  used  in  mixing  the  concrete.  In  the  case  of  the  limestone 
concrete  maximum  strength  was  obtained  with  8  per  cent  of  water 
and  in  the  other  case,  with  gravel  concrete,  with  6  per  cent  of 
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water.  In  the  case  of  the  limestone  concrete  it  is  evident  that  3 
per  cent  excess  over  the  amount  required  for  maximum  strength 
causes  a  reduction  in  strength  of  over  50  per  cent,  while  the  use 
of  3  per  cent  less  than  the  maximum  causes  a  reduction  of  about 
33  per  cent.  The  effect  of  an  excessive  amount  of  water  is  even 
more  marked  where  gravel  is  used  as  a  coarse  aggregate. 
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Fig    23. — Relation  of  consistency  of  mixtures  of  Portland  cement  concretes  to  the  com- 
pressive strength.     (Test  pieces,  8  by  16  inch  cylinders) 

In  Table  2 1  are  given  results  of  another  series  of  tests  on  gravel 
and  limestone  concretes  tested  at  the  age  of  1,  4,  and  13  weeks. 
These  results  are  substantially  the  same  as  those  of  Table  17. 
The  great  variation  in  strength  with  quantity  of  water  used  in 
mixing  the  concrete  is  strikingly  shown  in  Fig.  23. 
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A  further  idea  of  the  effect  of  varying  the  quantity  of  mixing 
water  can  be  obtained  from  Table  22,  which  contains  the  results 
of  tests  on  both  cubes  and  cylinders,  made  up  of  1:2:4  mixtures 
of  granite,  limestone,  and  gravel,  and  a  1:2:5  mixture  of  cinders, 
for  periods  of  4,  13,  26,  and  52  weeks.  In  every  case  fluid,  mushy, 
and  quaking  consistencies  were  used. 

In  the  case  of  the  cube  tests  it  will  be  found  that  the  quaking 
consistency  gave  the  highest  results  in  all  but  a  few  cases,  when  it 
was  exceeded  by  the  mushy  consistency  concrete.  The  same  is 
also  true  for  the  cylinder  tests,  although  in  many  cases  there  is 
little  difference  between  either  of  the  three  consistencies.  It  is 
noticeable  that  the  strength  of  the  drier  mixtures  is  usually  higher 
at  the  early  periods,  and  therefore  the  gain  in  strength  is  propor- 
tionally less  at  the  26-week  period. 

During  the  past  few  years  it  has  become  the  practice  on  large 
concrete  construction  jobs  to  mix  the  concrete  at  a  central  point 
and  convey  the  mixture  to  the  various  parts  of  the  structure  by 
means  of  a  tower  and  chutes.  That  this  method  has  proven  very 
economical  for  the  contractor  is  shown  by  its  almost  universal  use 
on  large  work;  but  the  quality  of  the  concrete  in  place  has  appar- 
ently been  a  secondary  consideration.  It  is  possible  that  good 
quality  concrete  is  obtained  when  the  materials  are  handled  in  this 
manner,  but  it  is  probable  that  the  strength  obtained  is  very  much 
less  than  what  it  should  be  for  the  same  materials  properly  mixed 
to  a  drier  consistency.  Throughout  all  the  tests  included  in  this 
paper  where  fluid  and  mushy  or  quaking  consistencies  are  used  the 
mushy  or  quaking  consistencies  invariably  give  the  greater 
strength.  The  consistency  of  the  concrete  normally  used  in 
spouting  is  usually  much  wetter  than  any  used  in  these  tests. 

Another  fault  of  the  fluid  or  watery  consistency  is  its  tendency 
to  segregate  when  placed  in  the  form.  The  heavy  aggregate 
settles  just  below  the  chute  or  spout,  and  the  soupy  mixture  of 
cement  and  fine  sand  or  dirt,  if  the  aggregate  be  at  all  dirty,  flows 
to  the  outer  face  and  corners  of  the  form.  It  is  this  segregation 
which  undoubtedly  accounts  for  the  crazing  and  cracking  of  the 
surface  of  many  retaining  walls  and  other  similar  structures. 

In  the  field  there  is  often  formed  in  concrete  structures  which 
are  made  of  watery  mixtures  a  layer  of  relatively  inert  fine  mate- 
rial, which  floats  on  the  surface  as  the  concrete  is  deposited  and  is 
usually  left  in  place  between  day's  work,  forming  a  weak  hori- 
zontal layer  or  seam  in  the  wall.     This  weak  layer,  if  at  the  top  of 
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the  wall,  is  often  referred  to  as  "laitance."  It  may  be  from  a 
fraction  of  an  inch  to  several  inches  in  thickness.  If  the  wall  is 
exposed  to  the  weather,  this  weak  section  may  be  cracked  and 
eroded,  as  is  often  observed  in  retaining  walls  and  arches.  This  is 
particularly  apparent  if  the  structure  is  exposed  to  seepage  water. 
Much  of  this  trouble  can  be  obviated  by  the  use  of  drier  mixtures. 

Too  much  emphasis  can  not  be  placed  on  the  objection  to  using 
an  excess  of  water  in  mixing  concrete. 

The  most  satisfactory  consistencies  for  concretes,  from  the  stand- 
point of  strength  and  durability,  are  the  quaking  and  mushy 
mixtures  and  the  error  should  be  on  the  side  of  using  too  little 
rather  than  too  much  water,  providing  the  concrete  is  properly 
spaded  or  worked  into  place  in  the  forms. 

Figs.  23  and  24  show  that  a  variation  in  the  amount  of  water 
may  cause  a  variation  in  strength  of  from  200  to  300  per  cent. 

(E)  Quality  as  Affected  by  Density. — In  Tables  23  to  25  are 
shown  the  results  of  several  series  of  tests  made  to  determine  the 
relation  between  compressive  strength  and  density  of  concrete. 
Table  23  comprises  tests  of  a  large  number  of  different  proportions 
in  which  stone  388  is  combined  separately  with  sand  184  and  sand 
185.  The  amount  of  cement  to  the  total  quantity  of  aggregate  in 
all  cases  bears  the  relation  of  1  to  6  or  1  to  9.  The  relation  between 
density  and  strength  for  these  aggregates  is  shown  in  Fig.  25. 

Of  the  concrete  made  with  sand  184  maximum  strength  was 
obtained  with  the  1:1:5  mixture,  while  the  concrete  of  maximum 
density  was  the  1  :}£'.$}&,  which  ranked  third  in  strength.  The 
1:0:6  mixture  was  second  in  strength  and  third  in  density.  The 
range  in  strength  among  these  three  was  259  pounds,  while  the 
density  range  was  0.023.  Again,  the  1:2:4  mixture  shows 
slightly  higher  strength  than  the  1:1%:  4K,  whose  density  was 
slightly  greater.  In  the  1 :  9  proportion  the  strength  varies  as  the 
density,  except  that  the  1:1%:  7%  mixture  which  is  second  in 
density  has  slightly  the  highest  strength. 

Of  concretes  made  up  of  sand  185  fewer  tests  were  made,  but 
in  every  case  the  strength  varied  as  the  density  of  the  resulting 
mixture.  From  these  results  it  seems  reasonable  to  believe  that 
with  any  given  aggregate  and  the  same  proportion  of  cement,  the 
strength  will  vary  with  the  density,  so  that  to  obtain  a  concrete  of 
maximum  strength  with  the  given  materials,  a  concrete  of  maxi- 
mum density  should  be  prepared.  This  will  not  hold  true  for 
concretes  made  of  two  different  types  or  qualities  of  coarse  aggre- 
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gate,  since  the  variation  in  shape  of  the  particles  as  well  as  their 
gradation,  hardness,  and  shearing  strength  will  be  a  factor. 

In  Table  24  is  included  a  series  of  density-yield-compressive 
strength  tests  made  with  stone  147  as  coarse  and  fine  aggregate  in 
the  form  of  6-inch  cubes.  In  the  1 :  9  proportion  of  total  aggregate 
it  is  seen  that  maximum  strength  was  attained  by  the  1:3:6 
mixture,  with  a  density  of  0.814,  while  next  in  strength  was  the 
1:2:7,  with  a  density  of  0.823.  The  1:1:8  mixture,  which  had 
a  density  of  0.818,  ranked  third  in  strength.  The  density  value 
of  the  1:2:4  mixture  can  not  well  be  compared  with  the  above  on 
account  of  the  difference  in  quantity  of  cement  used.  Here,  again, 
it  is  seen  that  a  high  strength  is  accompanied  by  a  high  density, 
although  the  maximum  of  one  may  not  be  associated  with  the 
maximum  of  the  other. 

The  results  of  the  tests  of  gravel  concretes  given  in  Tables  24 
and  25  also  indicate  that  there  is  a  relation  between  density  and 
strength  and  that  a  maximum  density  will  insure  a  high  compressive 
strength,  although  not  necessarily  the  highest.  In  every  case  the 
lower  strengths  will  be  found  among  those  mixtures  having  the 
lower  densities. 

Throughout  all  of  the  above  tests  it  should  be  noted  that  in 
attempting  to  obtain  the  same  apparent  consistencies  for  all  pro- 
portions it  was  necessary  to  vary  the  water  percentages,  and  in 
some  cases  it  is  very  possible  that  higher  strengths  might  have 
been  obtained  by  the  use  of  slightly  higher  or  lower  percentages 
of  water. 

In  Table  26  is  given  the  results  of  a  series  of  tests  in  which 
three  coarse  aggregates  have  been  combined  with  three  different 
fine  aggregates. 

These  results  show  the  relative  compressive  strength  which 
may  be  obtained  by  combining  several  fine  aggregates  with  the 
same  coarse  aggregate;  also  the  results  of  the  combination  of  the 
same  sand  with  three  aggregates. 

In  Table  26,  series  2,3,  and  4,  trap  rock  525  is  combined  with 
the  three  fine  aggregates  sand  194,  195,  and  screenings  429  in  the 
same  proportions.  In  every  case,  considering  the  1 :6  mixture, 
maximum  strength  was  obtained  in  the  1:2:4  proportion,  but 
minimum  strength  was  attained  in  series  2  and  4  with  the  1:3:3 
mixture  and  in  series  3  with  the  1:1:5  mixture. 

In  series  5,  6,  and  7  the  three  fine  materials  were  combined 
with  pit-run  gravel  526,  of  which  38.5  percent  passed  the  34 -inch 
screen.     With  the  exception  of  the  1:1:5  proportion  of  series  5, 
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any  addition  of  more  fine  material  in  the  form  of  sand  resulted 
in  a  lowered  compressive  strength,  and  it  should  also  be  noted  that 
any  such  addition  resulted  in  a  lower  density  of  the  concrete. 

The  results  throughout  show  that  there  is  a  direct  relation 
between  density  and  strength;  the  strength  apparently  varying 
directly  as  the  density  when  the  relative  quantity  of  cement  to 
sand  is  a  constant.  The  compressive  strength  and  density  tests 
of  Table  26  are  shown  diagrammatically  in  Figs.  26  to  29. 

In  Table  27  the  effect  on  the  compressive  strength  of  the  addi- 
tion to  the  concrete  of  large  amounts  of  coarse  aggregate  should 
be  noted.  Concrete  composed  of  1  part  cement  to  2  parts  of 
trap  screenings  429  and  4  parts  gravel  527  was  prepared  and  to 
this  mixture  was  added  large-size  trap  rock  524  in  the  propor- 
tions of  25,  50,  75,  and  100  per  cent  of  the  volume  of  gravel  used. 
The  resulting  mixtures  then  became  1:2:4:1,  1:2:4:2,  1:2:4:3,  and 
1:2:4:4,  the  last  figure  in  each  proportion  representing  the  number 
of  parts  of  trap  rock  524  added.  Expressed  as  cement,  fine  and 
coarse  aggregate,  the  proportions  by  volume  are,  respectively, 
1:2:5,1:2:6,  1:2:7,  and  1:2:8.  In  every  case  the  addition  of  the 
large  coarse  aggregate  resulted  in  a  higher  strength  than  was 
attained  by  the  1:2:4  gravel  concrete. 

Since  the  densities  of  these  concretes  were  not  determined  it 
can  not  be  stated  which  mixture  was  the  densest,  but  it  is  very 
probable  that  all  mixtures  to  which  the  stone  524  was  added 
were  denser  than  the  1:2:4  mixture.  The  additions  of  large  stone 
probably  resulted  in  a  reduction  of  void  space,  in  which  case  part 
of  the  cement  which  previously  acted  as  void  filler  would  be  avail- 
able for  coating  the  surfaces  of  the  added  stone.  The  results  of 
compression  tests  of  Table  27  are  shown  diagrammatically  in 
Fig.  30. 

Since  the  mixture  in  which  the  ratio  of  cement  to  total  aggre- 
gate was  as  1 :  10  had  as  high  a  compressive  strength  as  the  1 :6 
mixture  it  would  seem  that  the  density  of  the  former  must  neces- 
sarily have  been  greater  than  that  of  the  latter.  These  results 
suggest  the  possible  economy  of  testing  aggregates  before  using 
in  work  of  magnitude. 

It  is  of  interest  to  note  that  in  the  case  of  every  aggregate  tested 
greater  density  was  obtained  with  the  mixtures  in  which  the  ratio 
of  cement  to  total  aggregate  was  as  1  to  9  than  with  the  1  to  6 
mixtures,  but  the  maximum  strength  was  in  every  case  obtained 
with  the  1  to  6  mixtures. 
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(F)  Quality  as  Affected  by  Method  of  Storage. — The  nor- 
mal method  of  storage  of  concrete,  or  normal  conditions  under 
which  the  process  of  hardening  takes  place,  is  exposure  to  the 
air,  with  occasional  sprinkling  in  some  cases,  at  early  periods. 
Often  the  concrete  in  the  interior  of  a  building  is  allowed  to  harden 
without  any  treatment  after  the  forms  are  removed  and  as  a  result 
the  water  which  is  required  to  insure  maximum  strength  may  be 
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Fig.  30. — Effect  of  size  of  aggregate  on  the  compressive  strength.  Aggregate  larger  than 
normally  used  was  added  to  concrete  mixtures.  Stored  in  air  under  cover.  Sprinkled 
twice  daily.  Tested  when  30  days'  old.  (Test  pieces:  S=i4-inch  cubes,  R=8  by  16 
inch  cylinders.     See  Table  27) 

lost  by  evaporation.  The  rate  of  drying  in  structures,  however, 
may  be  less  than  would  usually  be  found  in  test  specimens  due  to 
the  larger  masses  of  the  concrete  in  the  forms. 

In  Tables  19  and  28  are  included  the  results  of  several  series  of 
tests  in  which  the  method  of  curing  was  varied. 

In  the  case  of  the  1:2:4  proportion  containing  Jersey  sand  187 
and  trap  rock  505  (Table  1 9) ,  one  set  of  cylinders  was  immersed  in 
water  immediately  after  being  deposited  in  the  molds,  a  second 
was  immersed  in  water  after  remaining  24  hours  in  the  damp  room, 
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and  the  third  set  was  immersed  in  water  after  8  weeks  in  the 
clamp  room.  At  all  periods  the  specimens  stored  24  hours  before 
immersing  were  the  strongest,  followed  by  those  immersed  imme- 
diately after  molding,  while  those  stored  for  a  long  period  in  the 
damp  room  were  the  weakest. 

Another  parallel  series  was  composed  of  1  part  cement  to  6  parts 
pit-run  gravel  503.  One  set  of  cylinders  were  stored  in  a  damp 
room  for  the  entire  period,  while  the  second  were  immersed  in 
water  after  ageing  four  weeks  in  a  damp  room.  Tests  were  made 
for  periods  up  to  one  year.  At  all  ages  the  test  pieces  stored  in 
the  damp  room  were  the  stronger,  although  the  difference  in 
strength  was  not  great.  Tests  were  made  within  a  few  hours 
after  removal  from  the  water  or  moist  room,  which  accounts  for 
the  fact  that  the  concrete  immersed  in  water  is  the  heaviest.  It 
is  possible  that  a  higher  strength  might  have  been  obtained  in 
the  case  of  the  immersed  specimens  had  they  been  allowed  to 
dry  before  testing  until  in  the  same  condition  as  those  stored 
in  moist  air.  It  is  interesting  to  note  that  the  yield  point  and 
initial  modulus  of  elasticity  of  the  weaker  concrete  is  slightly 
the  greater. 

The  results  given  in  Table  28  are  especially  interesting  in  that 
the  test  pieces  were  cured  under  conditions  very  similar  to  those 
to  which  concrete  in  ordinary  building  construction  is  exposed. 
One  brand  of  cement,  which  met  all  the  requirements  of  the 
United  States  Government  specification,  rather  than  a  typical 
mixture  of  several  brands,  was  used  throughout. 

Series  1,  2,  and  3  of  Table  28  made  up  of  proportions  1:1^:3, 
1:2:4,  and  1 : 1% :  5  were  stored  in  the  laboratory  room  and  sprinkled 
daily  for  one  week,  after  which  they  were  exposed  to  changing 
conditions  of  atmospheric  temperature  and  moisture.  Series  4, 
a  1:2:4  mixture,  was  stored  in  a  damp  room  for  four  weeks  and 
sprinkled  occasionally,  then  piled  up  out  of  doors  and  exposed  to 
the  weather. 

A  direct  comparison  can  be  made  between  series  2  and  4  at  the 
ages  of  one  and  three  months,  since  the  same  consistencies  were 
used  in  both  cases.  The  concrete  stored  in  the  moist  atmosphere 
during  the  first  four  weeks  exceeds  the  other  in  strength  about  80 
per  cent  at  both  periods.  It  should  also  be  observed  that  the  con- 
crete of  series  4  made  under  uniform  conditions  in  the  laboratory 
has  a  strength  of  only  1834  pounds  per  square  inch  at  the  end  of 
four  weeks,  and  that  of  series  2,  stored  under  conditions  common 
17153°— 16 5 


66  Technologic  Papers  of  the  Bureau  of  Standards 

in  building  construction,  shows  a  strength  of  only  1176  pounds  per 
square  inch.  This  would  indicate  that  the  factor  of  safety  com- 
monly used  in  the  design  of  reinforced  concrete  under  this  condi- 
tion, calculating  on  the  basis  of  ultimate  strength,  may  be  nearer 
two  than  four,  and  under  conditions  of  full  calculated  load  the 
concrete  may  be  stressed  nearly  to  the  yield  point.  Even  the 
1 : 1  }£ :  3  mixture  of  series  1  does  not  attain  a  strength  of  over 
2000  pounds  before  the  three-month  period,  so  that  the  common 
assumption  that  a  well-fabricated  1:2:4  concrete  will  have  a  com- 
pressive strength  of  2000  pounds  at  the  end  of  four  weeks  under 
normal  field  conditions  can  not  always  be  considered  a  safe 
assumption. 

The  effect  of  difference  in  exposure  during  the  early  hardening 
period  is  further  shown  by  the  results  of  Table  29.  Twelve  test 
pieces  were  stored  in  a  damp  closet  and  1 2  in  the  open  air,  exposed 
to  the  sun  and  wind.  At  28  days  the  strength  of  the  damp-closet 
specimens  was  approximately  25  per  cent  in  excess  of  those  stored 
in  the  open,  although  both  exceeded  the  commonly  assumed  value 
of  2000  pounds  per  square  inch. 

The  character  of  the  exposure  of  concrete  after  molding  materi- 
ally affects  its  strength. 

(G)  Quality  as  Affected  by  Abnormal  Methods  of  Cur- 
ing.— The  results  of  tests  shown  in  Table  30  are  of  especial  interest 
to  manufacturers  in  the  concrete-products  industry,  such  as  tile 
and  block  makers.  In  these  industries  the  amount  of  floor  and 
storage  space  can  be  greatly  reduced  by  shortening  the  necessary 
time  of  curing.  Briefly,  the  results  show  that  up  to  80  pounds 
per  square  inch  gauge  pressure  steam  has  an  accelerating  action 
on  the  hardening  of  Portland  cement  mortar  and  that  the  com- 
pressive strength  increases  with  the  steam  pressure  as  well  as  with 
the  time  of  exposure  to  steam.  A  compressive  strength  consider- 
ably (in  some  cases  over  100  per  cent)  in  excess  of  that  obtained 
normally  after  aging  for  six  weeks  may  be  obtained  in  two  days 
by  using  steam  under  pressure  for  curing.  Furthermore,  the 
steam  permanently  accelerates  the  hardening  of  the  concrete  which 
subsequently  increases  in  compressive  strength  with  age  upon 
exposure  to  the  atmosphere.  The  tests  above  quoted,  along  with 
others  which  have  been  made,  lead  to  the  following  conclusions  in 
addition  to  the  facts  noted  above: 

The  steam-cured  mortar  or  concrete  is  of  much  more  uniform 
appearance  and  is  made  lighter  in  color  than  normally  aged  mortar 
or  concrete  made  from  the  same  materials. 
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The  mortar  or  concrete  should  obtain  an  initial  set  before  it  is 
exposed  to  the  steam  treatment. 

For  steam  curing  a  "plastic"  or  "quaking"  consistency  is 
preferable  to  a  very  dry  or  very  wet  consistency. 

The  initial  modulus  of  elasticity  and  the  yield  point  of  the 
mortar  appear  to  increase  directly  with  the  duration  of  the  steam 
treatment. 

The  initial  modulus  of  elasticity  and  yield  point  appear  to 
increase  directly  with  the  steam  pressure. 

The  compressive  strength  obtained  by  steam  curing  is  directly 
proportional  to  the  cement  content  of  the  mortar. 

The  above  tests  were  made  on  Portland  cement  mortars,  but  it 
has  been  found  that  the  same  conclusions  apply  to  concretes.  As 
an  example  a  set  of  concrete  cylinders  was  made  up  of  1  part 
Portland  cement  to  3  parts  sand  to  6  parts  limestone.  They  were 
then  placed  in  moist  air  for  the  first  24  hours,  obtaining  an  initial 
set,  after  which  they  were  exposed  to  a  steam  pressure  of  80 
pounds  for  24  hours.  They  were  tested  directly  after  taking  from 
the  steam,  being  two  days  old,  and  had  an  average  ultimate 
strength  in  compression  of  2455  pounds  per  square  inch. 

As  stated  above,  the  combined  action  of  the  heat  and  moisture 
in  the  steam  greatly  accelerates  the  hardening  process  and  causes 
the  material  to  gain  a  strength  at  the  end  of  two  days  which  is  in 
excess  of  that  normally  attained  in  four  or  six  weeks. 

(H)  Quality  as  Affected  by  the  Characteristics  of  the 
Aggregate. — In  making  a  study  of  any  aggregate  to  determine 
its  probable  value  as  a  constituent  of  concrere  it  is  customary  to 
make  a  number  of  tests  of  which  probably  the  following  are  con- 
sidered fundamental  and  are  in  most  general  use:  (a)  Weight  per 
cubic  foot;  (6)  density  or  percentage  of  voids;  (c)  gradation  of 
particles  (granular  analysis). 

(a)  Weight  Per  Cubic  Foot. — The  weight  per  cubic  foot  of  an 
aggregate  depends  upon  a  number  of  conditions,  such  as  the 
specific  gravity,  the  shape  of  the  particles,  the  amount  of  moisture 
in  the  mass,  the  size  and  shape  of  the  vessel  used  for  this  determi- 
nation, and  the  manner  or  process  used  in  filling  the  vessel. 
Because  of  these  several  variables  it  is  difficult  to  check  the  deter- 
minations made  in  different  laboratories  unless  some  uniform  pro- 
cedure is  followed.  However,  the  results  of  Table  1  are  directly 
comparable,  since  the  method  of  making  this  determination  was 
standardized. 
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The  range  of  values  shown  varies  from  90  to  1 20  pounds,  being 
especially  great  among  the  bank-run  gravels,  while  the  weights 
of  the  granites  appear  unusually  low.  The  results  of  tests  given 
in  the  preceding  tables  show  that  the  weight  per  cubic  foot  of  the 
aggregate  is  no  indication  or  measure,  within  the  extreme  ranges  of 
values  found  in  this  investigation,  of  the  quality  of  a  material  as  a 
concrete  aggregate,  although  it  is  necessary  that  this  value  be 
known  for  use  in  accurate  proportioning. 

(b)  Density. — In  Table  1  a  comparison  of  the  results  of  the  void 
or  density  tests  indicates  that,  for  the  materials  tested,  the  amount 
of  voids  was  greater  in  the  limestones  than  in  the  gravels  in  most 
cases.  The  relative  amount  of  void  space  apparently  bears  little 
relation  to  the  resulting  strength,  a  number  of  aggregates  with 
high  precentages  of  voids  showing  very  good  results  in  the  strength 
tests.  Since  it  is  the  function  of  the  sand  to  fill  the  voids  in  the 
coarse  aggregate,  a  high  or  low  percentage  of  voids  has  no  direct 
connection  with  the  strength  of  the  resulting  concrete,  but  it 
would  appear  that  the  quantity  of  sand  required  would  necessarily 
vary  with  the  void  space.  However,  since  an  increase  in  the  num- 
ber of  particles  in  a  given  volume  is  accompanied  by  increased 
surface  area  which  must  be  coated  with  cement,  coarse  aggregate 
having  the  smaller  void  space  might  be  preferred,  with  all  other 
conditions  equal. 

Since  the  void  space  of  the  individual  particles  of  most  coarse 
aggregates  as  compared  with  the  mortars  in  which  they  are  used 
may  be  considered  as  zero  and  the  density  of  these  individual 
particles  as  compared  with  the  density  of  the  mortar  may  be 
considered  as  1 .00,  the  density  of  the  concrete  obtained  by  mixing 
the  coarse  aggregate  with  the  mortar  will  be  greatest  when  the 
maximum  quantity  of  aggregate  is  used,  which  will  not  have 
interspace  in  the  compacted  form  greater  than  the  total  volume 
of  mortar. 

For  example,  if  we  have  1  cubic  foot  of  mortar  similar  to  the 
mortar  obtained  with  sand  172,  Table  4  in  the  1  to  3  mixture,  whose 
density  is  0.676,  and  replace  60  per  cent  of  the  volume  of  mortar 
in  the  cubic  foot  with  coarse  aggregate  which  has  practically  no 
voids  in  the  individual  particles  in  which  the  mortar  can  enter 
or,  in  other  words,  the  aggregate  has  a  density  of  1.00,  the  result- 
ing concrete  would  have  a  density  of  0.40X0.676  +  0.60X1.00  = 
0.870. 

This,  of  course,  is  equivalent  to  replacing  0.6  of  a  cubic  foot  of 
the  mortar  with  one  solid  block  of  stone  of  equal  volume.     It 
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probably  would  not  be  possible  to  combine  a  mortar  and  a  coarse 
aggregate  in  such  a  way  as  to  have  the  stone  particles  lie  as  closely 
together  in  the  resulting  concrete  as  they  did  in  a  loose  or  com- 
pacted pile  before  being  mixed  in  the  concrete,  and  therefore  the 
quantity  of  mortar  required  must  always  be  greater  than  the 
actual  void  space  in  a  compacted  volume  of  the  stone  aggregate. 
Furthermore,  there  will  probably  be  some  interspace  between  the 
coarse  aggregate  and  the  mortar  which  will  decrease  the  density, 
and  therefore  the  larger  the  particles  of  coarse  aggregate,  assum- 
ing that  they  are  as  well  graded,  the  greater  will  be  the  density 
of  the  concrete  in  which  they  are  used. 

(c)  Gradation  of  Size  of  Particles. — The  results  given  in  Table 
14  show  the  effect  of  the  combination  of  the  coarse  aggregates 
with  different  sands  in  various  proportions.  In  every  case  the 
proportion  of  cement  to  the  combined  fine  and  coarse  aggre- 
gates was  as  1  to  6  and  1  to  9. 

The  crusher-run  material  of  stone  388,  without  the  addition  of 
sand,  attained  a  strength  at  the  end  of  four  weeks  of  2503  pounds 
per  square  inch  in  the  1:0:6  mixture.  In  the  1 :  % '.5H  mixture, 
using  sand  184,  the  strength  obtained  was  2275  pounds,  with 
sand  185,  2248  pounds,  practically  the  same  values.  In  the  1:1:5 
mixture,  using  sand  184,  an  increase  in  the  proportion  of  fine 
material  causes  an  increase  in  strength  to  2530  pounds,  while 
sand  185  shows  a  decrease  to  1987  pounds.  Further  increases  in 
proportion  of  fine  sand  are  accompanied  with  corresponding 
decreased  strengths.  The  addition  of  any  fine  material  seemed 
to  lower  the  strength  with  the  exception  of  sand  184,  whose 
strength  value  in  the  1:1:5  mixture  was  about  the  same  as  that 
of  the  1:0:6  mixture. 

Considering  the  1:9  proportions,  the  maximum  strength  is 
obtained  with  both  sands  in  the  1:1:8  mixture,  and  any  further 
increase  of  fine  material  lowers  the  crushing  strength. 

Stone  251  in  the  proportion  of  1  part  cement  to  6  parts  of  total 
aggregate,  using  sand  183,  obtained  maximum  strength  in  the 
1:2:4  mixture,  while  by  using  fine  material  from  the  same  aggre- 
gate as  a  sand  the  greatest  strength  was  given  by  the  1:1:5  mix- 
ture, but  this  value  was  nearly  800  pounds  lower  than  that 
obtained  with  sand  183.  In  the  proportion  of  1  part  cement  to 
9  parts  of  total  aggregate,  sand  183  in  a  mixture  of  1:2:7  had  a 
compressive  strength  of  1538  pounds  per  square  inch,  while  with 
screenings  of  stone  251  in  a  1:  1  K:  7 H  mixture  it  had  a  compressive 
strength  of  1663  pounds  per  square  inch. 
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The  above  variable  results  are  also  obtained  with  the  gravel 
concretes;  different  sands  were  required  in  different  proportions 
in  order  to  give  maximum  strength  when  mixed  with  the  same 
coarse  aggregate. 

The  values  obtained  with  gravel  36  and  sand  55  and  additional 
screened  material  from  gravel  36  illustrate  that  the  value  of  two 
sands  can  not  be  determined  by  arbitrarily  assuming  some  one 
proportion  and  using  those  results  as  a  basis  for  selection.  The 
results  from  the  1 :2  4  proportion  might  indicate  that  the  natural 
screenings  were  superior  to  sand  183,  but  the  proportion  1:1:5 
gives  the  highest  strength  of  all  for  sand  183  and  a  considerably 
decreased  value  for  the  natural  screenings. 

The  effect  of  gradation  of  size  of  particles  is  even  more  marked 
when  the  same  sand  is  considered  in  combination  with  different 
coarse  aggregates,  as  shown  by  Table  3 1 . 

In  these  results  of  tests  of  limestone  aggregates,  stone  210  gave 
the  lowest  value  in  the  1  '.2  4  mixture  while  it  gave  the  second 
highest  when  used  in  the  1  13:6  mixture.  Stone  210  showed  only 
about  20  per  cent  greater  strength  in  the  1 :2  4  mixture  than  in 
the  1 :3 :6  mixture  while  stone  1 50  showed  over  1 50  per  cent 
greater  strength. 

Limestone  150  and  gravel  35  both  gave  high  results  and  a  study 
of  their  granular  analyses  given  in  Table  1a  indicates  that  lime- 
stone 150  contained  as  much  fine  material  as  any  of  that  type  of 
aggregate,  while  gravel  35  was  one  of  the  coarsest  of  the  grav?ls. 
Such  results  as  these  would  indicate  that  strength  does  not  bear  a 
direct  relation  to  gradation  of  the  particles,  independent  of  the 
other  characteristics  of  the  stone. 

The  strength  of  some  of  these  aggregates  when  mixed  in  various 
proportions  is  shown  in  Figs.  31  and  32. 

In  Table  31a  are  shown  the  results  of  compression  tests  on  con- 
crete made  with  the  same  crushed  rock  and  two  sands,  one  of  which 
would  probably  be  condemned  by  visual  inspection  as  being  too 
fine,  41.6  per  cent  passing  the  No.  48  sieve,  and  too  one-sized  to 
be  satisfactory.  At  the  age  of  9  days  the  concrete  made  of  sand 
200  is  slightly  stronger  than  that  made  with  the  beach  sand  201, 
but  at  the  age  of  30  days  the  conditions  are  reversed,  both  concretes 
being  well  above  the  commonly  assumed  standard  of  2000  pounds 
per  square  inch.  The  results  of  the  granular  analysis  of  the  stone, 
trap  rock  508,  show  that  it  contained  very  little  fine  material, 
which  at  least  partially  explains  the  high  results  obtained  with  the 
beach  sand  201.     Such  results  as  these  are  onlv  further  evidence 
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that  the  visual  inspection  of  a  sand  is  unreliable,  and  that  the  only 
certain  criterion  of  quality  is  to  combine  and  test  the  sand  with 
the  coarse  aggregate  in  the  desired  proportions. 

The  value  of  chats,  zinc  mine  tailings,  as  a  concrete  aggregate 
is  shown  in  Tables  316  and  31c. 

The  results  shown  in  Table  316  represent  tests  of  material 
received  from  Mascot,  Knox  County,  Tenn.  The  results  show 
that  the  "run-of-mine"  product  lacks  sufficient  fine  material  to 
produce  a  dense,  workable  concrete,  although  the  strength  is  prac- 
tically the  same  as  is  obtained  for  stone  or  gravel  concretes.  By 
screening  out  a  portion  of  the  fine  material  and  then  recombining 
with  run-of-mine  material  a  good  quality  concrete  is  obtained. 

The  results  of  tests  on  material  received  from  a  mine  at  Webb 
City,  Mo.,  are  shown  in  Ta.ble  31c.  The  strength  compares  favor- 
ably with  those  ordinarily  found  for  concretes  made  of  usual 
commercial  aggregates.  The  values  obtained,  as  for  the  preceding 
series,  show  that  run-of-mine  chats  are  lacking  in  fine  material, 
and  that  regrading  is  necessary  to  produce  a  concrete  which  can 
be  placed  in  a  dense  mass,  or  that  it  is  necessary  to  increase  the 
quantity  of  fine  material  by  the  addition  of  particles  smaller  than 
one-fourth  inch. 

Based  upon  the  tests  which  are  included  in  the  two  tables,  it  can 
be  stated  that  chats  are  suitable  for  use  in  concrete,  although  it 
may  be  necessary  to  screen  and  recombine  the  aggregate  to  obtain 
a  workable  dense  mixture,  depending  upon  the  characteristics  of 
the  particular  material. 

The  granular  analyses  of  a  number  of  the  concretes  used  in  the 
cube  tests  are  shown  in  Figs.  t,3  to  36.  The  so-called  curve  of 
maximum  density  is  included  for  comparison.  It  is  possible  that 
a  separation  of  the  aggregate  in  various  sizes  and  recombining  so  as 
to  more  nearly  approach  these  curves  would  have  resulted  in  con- 
cretes of  greater  strength  than  are  shown  in  these  tests,  but  it 
must  be  admitted  that  some  very  strong  concrete  was  produced 
in  which  there  is  little  similarity  between  the  so-called  theoretical 
and  actual  granular  curves. 

In  Figs.  37  to  39  are  shown  the  granular  analysis  curves  of 
several  of  the  concretes  included  in  Tables  26  and  27.  The  results 
of  density  and  compressive  strength  tests  are  included  for  com- 
parison. 

It  will  be  observed  that  in  some  cases,  as  in  Fig.  39,  with  a 
number  of  combinations  of  the  same  aggregates  the  mixture 
giving  the  maximum  strength  has  a  granular  analysis  curve  differ- 
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Fig.  33. — Relation  of  granular  analysis  and  compressive  strength  to  Fuller's  "theoret- 
ical curve  of  maximum  density."    {Test  pieces  ,6-inch  cubes.    See  Tables  I,  la,  and  15) 
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Fig.  34. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to  Fuller's  "theoretical 
curve  of  maximum  density."     {Test  pieces,  6-inch  cubes.     See  Tables  I,  la,  and  15) 


76 


Technologic  Papers  of  the  Bureau  of  Standards 


Nominal    eize  of  eie»e   openings  In    fnche* 


Fig.  35. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to  Fuller's  "theo- 
retical curve  of  maximum  density."     (Test  pieces,  6-inch  cubes.     See  Tables  1,  la,  and  15) 
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Fig.  36. — Relation  of  granular  analysis  and  compressive  strength  of  concrete 
to  Fuller's  "  theoretical  curve  of  maximum  density."  (Test  pieces,  6-inch 
cubes.     See  Tables  1,  ia,  and  15) 
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Fig.  37. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to 
Fuller's  "theoretical  curve  of  maximum  density."  {Test  pieces,  8  by  16  inch 
cylinders.     See  Table  26) 
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Fig.  38. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to 
Fuller's  "  theoretical  curve  of  maximum  density."  (Test  pieces,  8  by  16  inch 
cylinders.     See  Table  26) 
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ing  most  widely  from  Fuller's  theoretical  curve.  No  single  curve 
can  be  selected  which  represents  a  combination  giving  maximum 
density  and  strength  for  all  the  materials  included  in  these 
diagrams. 

The  results  of  a  number  of  tests  in  which  one  material  was  com- 
bined in  various  ways  and  in  several  proportions  with  cement  are 
given  in  Table  32. 

Unfortunately  the  granular  analysis  of  the  aggregate  is  not 
available,  but  it  is  of  interest  to  note  that  the  pit-run  material 
had  practically  as  high  a  strength  as  any  of  the  combinations. 
Referring  to  results  of  tests  in  Table  14,  1:2 14  proportion  of  aggre- 
gate 307  with  sand  183,  and  Table  19,  1:2:4  proportion  of  aggregate 
505  with  sand  188,  they  both  have  approximately  the  same 
strength,  although  in  the  case  of  one  of  the  mixtures  40  per  cent 
passed  the  No.  50  sieve  and  of  the  other  only  20  per  cent  passed 
this  sieve. 

A  further  illustration  of  the  use  of  a  very  fine  sand  which  gives 
satisfactory  results  in  a  concrete  is  shown  by  the  following,  in 
which  sand  202  is  combined  with  gravel  504,  in  a  1:2:4  concrete 
and  tested  at  the  ages  of  7  and  28  days.  Each  result  is  the  aver- 
age of  tests  of  two  8  by  1 6  inch  cylinders. 

Age  7  days,  ultimate  compressive  stress  1390  pounds  per  square  inch. 
Age  28  days,  ultimate  compressive  stress  1994  pounds  per  square  inch. 

One  of  the  most  elaborate  theories  advanced  for  the  scientific 
proportioning  of  concrete  to  obtain  maximum  strength  is  based 
upon  the  results  of  an  investigation  in  which  a  number  of  aggre- 
gates were  separated  into  different  sizes  and  recombined  in  various 
proportions.  The  fine  and  coarse  aggregate  are  screened  into 
various  sizes,  the  more  the  better,  and  then  recombined  in  such  a 
manner  that  the  granular  analysis  of  the  resulting  concrete  will 
give  results  which,  when  plotted,  will  closely  fit  a  curve,  a  combi- 
nation of  ellipse  and  straight  line,  called  by  the  authors,  Fuller  and 
Thompson,  the  curve  of  maximum  density  and  strength.5  The  so- 
called  theoretical  curve  used  in  this  process  may  be  correct  for  the 
aggregates  used  in  the  experiments.  The  principles  may  apply  to 
other  materials  if  graded  as  recommended,  but  sufficient  data  are 
not  included  in  the  authors'  paper  to  make  this  empirical  curve  of 
general  application. 

Materials  are  seldom  found  in  nature  combined  so  as  to  have  a 
gradation  similar  to  that  recommended,  and  a  study  of  the  results 

5  Trans,  of  A.  S.  of  C.  E.,  March,  1907,  p.  222. 
17153°— 16 6 
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included  in  this  paper  does  not  show  that  materials  having  a  gra- 
dation approaching  this  curve  are  in  any  way  preferable.  The 
many  results  reported  in  this  paper  would  tend  to  disprove  the 
authors'  contention  that  the  maximum  density  for  any  aggregate 
has  a  gradation  which  when  plotted  approaches  the  curve  they 
suggest,  regardless  of  shape  of  particles.  For  example,  if  we  con- 
sider an  exaggerated  case  and  assume  a  coarse  aggregate  of  exact 
cubical  form  and  uniform  size,  the  maximum  density  would  be 
obtained  if  this  were  combined  with  just  sufficient  cement  to  coat 
the  surfaces  and  bind  them  together  without  any  material  of  inter- 
mediate size.  The  finer  and  more  uniform  this  cementing  material 
is  in  size  the  greater  the  density  of  such  a  mixture.  For  mixtures 
of  cubical  or  angular  materials  of  various  sizes  and  gradations  the 
maximum  density  will  depend  upon  the  relative  shape  of  the 
particles  of  each  size,  as  well  as  other  factors.  It  is  generally 
recognized  in  practice  that  gravel  concretes  flow  into  place  with 
more  ease  than  stone  concretes,  which  is  probably  due  to  the  shape 
of  the  particles. 

Maximum  density  is  obtained  when  the  particles  lie  as  close 
together  as' is  possible,  which  depends  upon  the  shape  of  particles, 
relative  shape  of  particles  of  various  sizes,  the  proportionate 
quantity  of  each  size,  the  readiness  with  which  the  materials  com- 
pact, the  method  of  mixing,  the  quantity  of  water  used  in  mixing, 
the  method  employed  in  placing  in  forms,  etc.  Therefore  every 
aggregate  or  combination  of  aggregates  will  have  its  own  maximum 
density  curve  and  no  one  curve  can  be  used  for  combining  dissimilar 
materials  even  of  the  same  type.  This  statement  is  verified  by  the 
many  tests  included  in  this  paper  as  well  as  by  the  results  obtained 
by  other  investigators. 

(I)  Quality  as  Affected  by  the  Proportions  of  Cement 
to  Aggregate. — A  study  of  any  of  the  groups  of  tests  included  in 
the  preceding  tables  shows  that  there  is  a  definite  relation  between 
the  compressive  strength  and  the  proportion  of  cement  to  total 
aggregate.  The  strength  varies  in  the  same  manner,  although  not 
in  the  same  proportion,  as  the  cement  content  in  the  mixture. 
This  relation  only  holds  true  for  any  one  combination  of  coarse  and 
fine  aggregate,  and  any  change  in  gradation  of  total  aggregate  may 
affect  the  strength  so  as  to  neutralize  the  effect  of  change  in  the 
cement  content. 

In  Table  33  are  given  the  results  of  tests  of  two  aggregates,  gravel 
and  limestone,  in  which  the  proportions  of  fine  and  coarse  aggre- 
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gate  remain  constant  and  the  cement  content  varies  from  33.3  per 
cent  to  8.3  per  cent  of  the  total  aggregate.  The  compressive 
strength  yield  point,  modulus  of  elasticity,  and  weight  per  cubic 
foot  all  increase  directly  with  the  increase  in  content  of  cement. 
In  Table  34  are  given  the  relative  strengths  of  a  number  of  aggre- 
gates in  various  proportions,  which  further  show  that  the  com- 
pressive strength  is  increased  as  the  relative  quantity  of  cement  is 
increased  in  any  one  combination  of  aggregates.  These  results  also 
show  that  with  the  proportion  of  cement  fixed  the  compressive 
strength  may  be  increased  or  decreased  by  varying  the  relative 
proportions  of  fine  and  coarse  aggregate.  The  correct  proportions 
for  maximum  strength  can  only  be  determined  by  trial. 

Table  35  contains  the  weight  per  cubic  foot  of  several  concretes, 
showing  the  effect  of  variation  in  the  consistency,  variation  in  the 
ratio  of  cement  to  the  same  total  aggregate,  and  the  relation  of 
density  and  weight  per  cubic  foot  for  different  proportions  of  the 
same  materials.  The  results  in  this  table  show  that  the  quaking 
consistency  gives  a  heavier  concrete  than  the  mushy  or  fluid  con- 
sistencies. The  weight  per  cubic  foot  of  concrete  decreases 
directly  as  the  proportion  of  cement  to  the  same  total  aggregate 
decreases. 

The  lower  group  of  results  show  that  the  weight  per  cubic  foot 
of  concrete  does  not  bear  a  direct  relation  to  the  density  when  the 
relative  proportions  of  fine  and  coarse  particles  are  varied,  even 
though  the  proportion  of  cement  to  total  aggregate  is  the  same. 
The  results  with  stone  388  and  sand  185  appear  to  show  a  definite 
relation  between  density  and  weight  per  cubic  foot,  but  reference 
to  Table  1  will  show  that  this  is  due  to  the  low  specific  gravity  and 
weight  per  cubic  foot  of  sand  185. 

(J)  Quality  as  Affected  by  the  Age  of  Concrete. — Many 
of  the  preceding  tables  contain  results  of  tests  of  the  same  concretes 
at  various  ages  extending  up  to  one  and  in  some  cases  two  years. 

With  very  few  exceptions  there  is  a  direct  increase  in  strength 
of  all  concretes  with  age.  The  rates  of  increase  depend  upon  a 
number  of  factors,  such  as  the  rate  of  hardening  of  the  cement, 
the  consistency  of  the  mix,  method  of  mixing  and  molding,  curing, 
character  of  aggregate,  etc.,  and  therefore  no  general  equation 
can  be  written  to  express  the  rate  of  increase  in  strength,  as  it 
will  vary  for  every  batch  of  concrete  in  which  the  above  factors 
vary. 

Tables  36  to  38  contain  the  results  of  tests  of  concrete  at 
various  ages,  with  several  different  aggregates.     The  results  given 
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Fig.  40. — Variation  of  yield  point  in  compression  with  age  of  1-2-4  concretes  made  with 
limestone,  gravel,  granite,  and  cinder  aggregates  with  the  same  sand.  {Test  pieces, 
8  by  16  inch  cylinders.     See  Tables  8  and  36) 
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Fig.  41. — Variation  of  initial  modulus  of  elasticity  in  compression  with  age  of  1—2—4 
concretes  made  with  limestone,  granite,  gravel,  and  cinder  aggregates  with  the  same  sand. 
(Test  pieces,  8  by  16  inch  cylinders.     See  Tables  8  and  36) 
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in  Table  36  show  a  progressive  increase  in  compressive  strength 
from  2  days  to  14  days.  In  every  case  at  7  days  the  com- 
pressive strength  is  in  excess  of  700  pounds,  but  the  yield  point  is 
only  140  pounds  in  the  case  of  cinder  concrete,  and  slightly  above 
400  pounds  for  the  other  aggregates.     Figs.  40  to  42  show  the 
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Fig.  42. — Variation  of  ultimate  compressive  strength  with  age  of  1-2-4  concretes  made 
with  limestone,  granite,  gravel,  and  cinder  aggregates  -with  the  same  sand.  {Test  pieces, 
8  by  16  inch  cylinders.     See  Tables  8  and  36) 

relation  of  compressive  strength,  yield  point,  and  modulus  of 
elasticity  to  age  for  periods  ranging  from  two  days  to  two  years. 
These  curves  show  in  a  general  way  the  rate  of  increase  in  strength 
with  age  for  mixtures  similar  to  those  included  in  the  test,  but 
they  should  not  be  considered  representative  of  all  mixtures  or 
for  all  materials. 

VI.  SUMMARY 


1.  PORTLAND  CEMENT  MORTAR  MIXTURES 

Sands  as  a  type  of  fine  aggregate  can  not  be  said  to  be  superior 
to  limestone  screenings. 

The  proper  gradation  of  the  fine  aggregate  for  maximum  strength 
in  a  mortar  appears  to  vary  for  different  materials. 

The  results  of  the  tests  of  the  mortars  included  in  this  paper 
would  indicate  that  for  most  materials  the  highest  strengths  are 
obtained  with  those  having  a  gradation  of  particles  approaching 
a  straight  line.  There  are  materials,  however,  which  have  a 
gradation  varying  widely  from  a  straight  line  which  give  high 
strength  in  mortars. 

The  quality  of  a  sand  can  not  be  judged  from  its  gradation 
alone.     Any  limitation  arbitrarily  placed  upon  the  proportions  of 
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the  particles  of  various  sizes  will  probably  eliminate  some  very 
satisfactory  materials. 

No  fine  aggregate  should  be  rejected  because  of  its  "  silt "  content 
determined  by  washing  or  assuming  the  material  passing  the  No. 
200  sieve  as  silt,  as  it  may  be  advantageous  even  in  relatively 
large  quantities  or  detrimental  in  small  quantities  depending  upon 
its  form,  character,  and  distribution. 

Mortars  having  high  density  usually  have  high  strength. 

The  quality  of  sands  to  be  used  in  cement  mortars  can  not  be 
determined  from  their  "uniformity  coefficients. " 

There  is  no  difference  in  the  strength  developed  by  rounded 
and  sharp-grained  sands. 

The  quality  of  sands  can  not  be  determined  from  their  specific 
gravity  and  porosity. 

The  only  satisfactory  method  of  determining  the  value  of  a  fine 
aggregate  in  mortar  mixtures  is  to  test  it  in  the  mixture  in  the 
proportion  to  be  used,  exposed  to  the  same  conditions  as  in  the 
proposed  structure. 

Common  usage  has  demonstrated  that  certain  sands  are  satis- 
factory and  therefore  no  tests  of  these  materials  are  necessary  ex- 
cepting to  identify  them. 

The  relative  value  of  several  fine  aggregates  to  be  used  in  con- 
crete can  not  be  determined  by  testing  them  in  mortar  mixtures. 
They  must  be  tested  in  the  combined  state  with  the  coarse 
aggregate. 

Several  curves  are  given  in  Pig.  43  showing  the  general  effect 
on  the  compressive  strength  of  variation  of  one  of  the  factors  in 
the  process  of  fabrication  of  mortars.  The  diagrams  are  intended 
to  show  the  general  effect,  and  the  values  given  should  not  be 
interpreted  as  showing  a  positive  relation  for  any  specific  aggre- 
gate or  mixture. 

In  practice  the  variation  might  be  greater  or  less  than  that 
shown  in  the  curves,  depending  upon  specific  conditions  and 
materials. 

2.  PORTLAND  CEMENT  CONCRETE  MIXTURES 

The  general  effect  on  the  compressive  strength  of  variation  of 
the  several  factors  entering  into  the  fabrication  of  concrete  is 
shown  graphically  in  Fig.  44.  The  diagrams  are  intended  to 
show  the  trend  or  general  effect  of  each  factor  concerned  in  the 
fabrication  of  concrete  in  a  similar  manner  to  those  of  Fig.  43 ,  and 
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the  values  given  should  not  be  interpreted  as  showing  positive 
relations  applicable  to  all  materials  and  conditions. 

(A)  Relation  of  Type  of  Aggregate  to  Compressive 
Strength. — No  type  of  gravel  or  stone  aggregate  can  be  said  to 
be  generally  superior  to  any  other  type  used  as  coarse  aggregate 
in  concrete  mixtures.  Certain  limestones  are  superior  to  certain 
gravels,  and  some  gravels  are  better  than  other  limestones. 
The  range  of  qualities  in  any  of  these  types  is  very  great  and  the 
strengths  of  concretes  made  up  of  several  different  materials  of 
the  same  type  may  vary  as  much  as  several  hundred  per  cent 
with  all  other  controllable  factors  uniform. 

(B)  Relation  of  Workmanship  to  Compressive  Strength. — 
Undoubtedly  greater  uniformity  is  generally  obtained  by  machine 
mixing  than  by  hand  mixing.  The  method  of  mixing  is  of  little 
importance  so  long  as  it  results  in  a  homogeneous  mass.  Using 
proper  methods  and  with  the  expenditure  of  sufficient  labor, 
results  indicate  that  as  good  concrete  can  be  obtained  by  hand 
mixing  as  by  machine  mixing,  although  it  probably  would  not 
be  economical. 

With  all  other  factors  constant  the  results  included  in  this 
paper  show  that  differences  in  manipulation  of  the  mixture  by 
the  workmen  of  several  experienced  concrete  contractors  may 
cause  a  maximum  average  variation  in  the  compressive  strength 
of  the  resulting  concrete  of  70  per  cent  or  more. 

(C)  Relation  of  Consistency  of  Mixture  to  Compressive 
Strength. — The  quantity  of  water  added  to  the  mixture  in  pre- 
paring concrete  affects  materially  the  compressive  strength  at  all 
ages.  With  the  proper  quantity  of  water  the  strength  may  be 
several  hundred  per  cent  greater  than  that  obtained  with  a  large 
excess  of  water. 

The  most  satisfactory  consistency  from  the  standpoint  of 
strength  and  durability  is  a  quaking  or  mushy  mixture,  and  the 
error  should  be  on  the  side  of  using  too  little  rather  than  too  much 
water,  providing  it  is  properly  spaded  or  worked  into  place  in  the 
forms.  This  statement  does  not  apply  to  the  very  dry  mixtures 
used  in  the  manufacture  of  concrete  blocks,  etc.  In  the  case  of 
these  products  the  mixture  should  contain  the  maximum  quan- 
tity of  water  which  will  permit  of  the  immediate  removal  of  the 
molds.  This  latter  mixture  has  less  water  than  the  quaking  con- 
sistency described  above. 

(D)  Relation  of  Density  to  Compressive  Strength. — 
With  the  same  aggregates  and  the  same  proportion  of  cement  to 
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total  volume  of  aggregate  the  mixture  having  the  greatest  density 
will  have  a  high  and  usually  the  highest  compressive  strength. 

Density  is  no  criterion  of  compressive  strength  of  two  mixtures 
of  an  aggregate  if  the  ratio  of  cement  to  total  volume  of  aggiegate 
is  not  the  same. 

Density  is  no  criterion  of  compressive  strength  of  two  mix- 
tures of  the  same  proportions  of  cement  to  total  aggregate  if 
different  aggregates  are  used,  although  when  the  aggregates  are 
quite  similar  they  may  be  comparable. 

(E)  Effect  of  Various  Exposures  on  Compressive 
Strength. — The  character  of  the  exposure  of  the  concrete  after 
molding  materially  affects  its  compressive  strength.  If  the 
original  water  is  permitted  to  evaporate  from  the  concrete  and 
all  water  is  subsequently  excluded,  the  compressive  strength  may 
be  reduced  40  per  cent  or  more.  Concrete  should  preferably  be 
kept  wet  for  several  days  or  weeks  after  it  is  deposited  if  the 
maximum  strength  is  to  be  attained. 

(F)  Effect  of  Exposure  to  Steam  on  Compressive 
Strength. — Steam  greatly  accelerates  the  hardening  process  and 
will  increase  the  strength  of  concrete  only  a  few  days  old  by 
several  hundred  per  cent,  depending  on  the  temperature  and  dura- 
tion of  exposure. 

(G)  Relation  of  Gradation  of  Aggregate  to  Compressive 
Strength. — There  is  no  definite  relation  between  the  gradation 
of  the  aggregate  and  the  compressive  strength  which  is  applicable 
to  any  considerable  number  of  different  aggregates. 

The  gradation  curve  for  maximum  compressive  strength,  which 
is  usually  the  same  as  for  maximum  density,  differs  for  each 
aggregate. 

The  so-called  maximum  density  curve,  which  is  a  combination 
of  the  straight  line  and  ellipse,  does  not  represent  the  curve  for 
maximum  density  excepting  for  the  particular  materials  used  in 
the  tests  from  which  it  was  derived,  or  very  similar  materials. 

No  equation  for  a  gradation  curve,  which  can  be  applied  to  a 
number  of  different  aggregates,  can  be  prepared  from  the  results 
included  in  this  paper. 

Maximum  density  and  maximum  strength  are  usually  obtained 
with  a  concrete  in  which  the  ratio  of  fine  to  coarse  aggregate  is  not 
less  than  1  to  3.  This  mixture  is  usually  quite  stiff  and  therefore 
more  difficult  to  handle  than  a  mixture  containing  a  larger  per- 
centage of  fine  aggregate. 
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Excessive  fineness  does  not  necessarily  result  in  a  totally  unsatis- 
factory sand  for  concrete.  A  seashore  sand  having  99  per  cent 
passing  a  50-mesh  sieve,  when  mixed  with  a  good  coarse  aggre- 
gate and  cement,  was  found  to  give  a  satisfactory  concrete. 

(H)  Relation  of  Proportions  to  the  Compressive 
Strength. — With  the  relative  volume  of  fine  and  coarse  aggre- 
gates fixed  the  compressive  strength  of  a  concrete  increases  directly 
as  the  cement  content  but  not  in  a  proportionate  ratio.  An 
increase  in  the  ratio  of  cement  to  total  fine  and  coarse  aggregates 
when  the  relative  proportions  of  the  latter  are  not  fixed  does  not 
necessarily  result  in  an  increase  in  strength.  For  example,  a  con- 
crete mixed  in  the  proportion  of  1  part  cement  to  9  or  10  parts  of 
total  fine  and  coarse  aggregates  combined  so  as  to  give  a  maximum 
density  may  have  greater  strength  than  a  concrete  mixed  in  the 
proportion  of  1  part  cement  to  6  parts  total  of  the  same  fine  and 
coarse  aggregates,  which  are  not  combined  to  give  a  maximum 
density. 

VII.  CONCLUSIONS 

1.  No  standard  of  compressive  strength  can  be  assumed  or 
guaranteed  for  concrete  of  any  particular  proportions  made  with 
any  aggregate  unless  all  the  factors  entering  into  its  fabrication 
are  controlled. 

2.  A  concrete  having  a  desired  compressive  strength  is  not 
necessarily  guaranteed  by  a  specification  requiring  only  the  use 
of  certain  types  of  materials  in  stated  proportions.  Only  a  frac- 
tional part  of  the  desired  strength  may  be'  obtained  unless  other 
factors  are  controlled. 

3.  The  compressive  strength  of  a  concrete  is  just  as  much  de- 
pendent upon  other  factors,  such  as  careful  workmanship  and  the 
use  of  the  proper  quantity  of  water  in  mixing  the  concrete,  as  it 
is  upon  the  use  of  the  proper  quantity  of  cement. 

4.  The  compressive  strength  of  concrete  may  be  reduced  by  the 
use  of  an  excess  of  water  in  mixing  to  a  fractional  part  of  that 
which  it  should  attain  with  the  same  materials.  Too  much 
emphasis  can  not  be  placed  upon  the  injurious  effect  of  the  use  of 
excessive  quantities  of  water  in  mixing  concrete. 

5.  The  compressive  strength  of  concrete  may  be  greatly  reduced 
if,  after  fabrication,  it  is  exposed  to  the  sun  and  wind  or  in  any 
relatively  dry  atmosphere  in  which  it  loses  its  moisture  rapidly, 
even  though  suitable  materials  were  used  and  proper  methods  of 
fabrication  employed. 
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6.  The  relative  compressive  strength  of  concretes  to  be  obtained 
from  any  given  materials  can  be  determined  only  by  an  actual 
test  of  those  materials  combined  in  a  concrete. 

7.  Contrary  to  general  practice  and  opinion  the  relative  value 
of  several  fine  aggregates  to  be  used  in  concrete  can  not  be  deter- 
mined by  testing  them  in  mortar  mixtures.  They  must  be  tested 
in  the  combined  state  with  the  coarse  aggregate. 

8.  Contrary  to  general  practice  and  opinion  the  relative  value 
of  several  coarse  aggregates  to  be  used  in  concrete  can  not  be 
determined  by  testing  them  with  a  given  sand  in  one  arbitrarily 
selected  proportion.  They  should  be  tested  in  such  combination 
with  the  fine  aggregate  as  will  give  maximum  density,  assuming 
the  same  ratio  of  cement  to  total  combined  aggregate  in  all  cases. 

9.  No  type  of  aggregate  such  as  granite,  gravel,  or  limestone 
can  be  said  to  be  generally  superior  to  all  other  types.  There 
are  good  and  poor  aggregates  of  each  type. 

10.  By  proper  attention  to  methods  of  fabrication  and  curing, 
aggregates  which  appear  inferior  and  may  be  available  at  the 
site  of  the  work  may  give  as  high  compressive  strength  in  con- 
crete as  the  best  selected  materials  brought  from  a  distance, 
when  the  latter  are  carelessly  or  improperly  used. 

11.  Density  is  a  good  measure  of  the  relative  compressive 
strength  of  several  different  mixtures  of  the  same  aggregates 
with  the  same  proportion  of  cement  to  total  aggregate.  The 
mixture  having  the  highest  density  need  not  necessarily  have  the 
maximum  strength,  but  it  will  have  a  relatively  high  strength. 

12.  Two  concretes  having  the  same  density  but  composed  of 
different  aggregates  may  have  widely  different  compressive 
strength. 

13.  There  is  no  definite  relation  between  the  gradation  of  the 
aggregates  and  the  compressive  strength  of  the  concrete  which  is 
applicable  to  any  considerable  number  of  different  aggregates. 

14.  The  gradation  curve  for  maximum  compressive  strength, 
which  is  usually  the  same  as  for  the  maximum  density,  differs 
for  each  aggregate. 

15.  With  the  relative  volumes  of  fine  and  coarse  aggregate 
fixed,  the  compressive  strength  of  a  concrete  increases  directly, 
but  not  in  a  proportionate  ratio  as  the  cement  content.  An 
increase  in  the  ratio  of  cement  to  total  fine  and  coarse  aggregates 
when  the  relative  proportions  of  the  latter  are  not  fixed  does  not 
necessarily  result  in  an  increase  in  strength,  but  may  give  even  a 
lower  strength. 
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16.  The  compressive  strength  of  concrete  composed  of  given 
materials,  combined  in  definite  proportions  and  fabricated  and 
exposed  under  given  conditions  can  be  determined  only  by  test- 
ing the  concrete  actually  prepared  and  treated  in  the  prescribed 
manner. 

17.  The  results  included  in  this  paper  would  indicate  that  the 
compressive  strength  of  most  concretes,  as  commercially  made, 
can  be  increased  25  to  100  per  cent  or  more  by  employing  rigid 
inspection  which  will  insure  proper  methods  of  fabrication  of  the 
materials. 

Washington,  March  3,  191 5. 
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Part  I.— PREPARATION  AND  SPECIFICATIONS 


I.  INTRODUCTION  AND  HISTORICAL 

The  work  of  preparing  an  alloy  of  zinc,  tin,  and  copper  for  the 
purpose  of  obtaining  a  standard  form  and  dimension  of  test  bar 
was  undertaken  by  the  Bureau  of  Standards  at  the  request  of  a 
committee  of  the  American  Institute  of  Metals. 

Preliminary  accounts  of  this  work  have  been  published  in  the 
Proceedings  of  the  American  Institute  of  Metals  for  1913  and 
1914,  which  give  a  history  of  the  inception  of  the  work  and  an 
outline  of  some  of  the  results  obtained. 

The  zinc  bronze — 2  parts  zinc,  10  parts  tin,  and  88  parts  copper, 
also  commonly  known  as  Admiralty  metal,  Government  bronze, 
and  88-10-2  alloy — has  been  studied  experimentally  by  a  number 
of  physicists  and  metallurgists,  but  with  the  exception  of  the 
investigations  of  Webbert  and  of  Skillman,  all  the  work  done  has 
been  concerned  mainly  with  the  effect  of  heat  treatment  at  various 
temperatures  from  2500  to  8oo°  C  (4820  to  14720  F).  These 
previous  investigations  may  be  summarized  briefly  as  follows: 

I.  M.  Bregowsky  and  L.  W.  Spring  *  studied  the  effect  of  high 
temperatures  on  the  physical  properties  of  some  alloys;  among 
them  were  the  so-called  United  States  Navy  bronze  M,  and  United 
States  Navy  gun  bronze  G,  which  are  of  the  same  type  as  the 
above  zinc  bronze,  but  in  addition  contain  small  amounts  of  lead 
and  iron. 

Their  physical  properties,  including  tensile  strength,  elongation, 
and  reduction  of  area,  were  determined  at  temperatures  ranging 
from  normal  to  5200  C  (9680  F).  They  found  that  the  tensile 
strength  of  gun  metal  G  reached  its  maximum  value,  about  37  000 
pounds  per  square  inch,  at  3000  F  (1490  C).  Its  elastic  limit 
at  normal  temperature  was  25  000  pounds  per  square  inch,  but 
dropped  off  steadily  to  about  8000  pounds  per  square  inch  at 

1  Proc.  Internat.  Assoc,  for  Testing  Materials,  Sixth  Congress,  New  York,  First  Sec.  VII. 
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9500  F  (5100  C).  Its  elongation  reached  a  maximum  of  10  per 
cent  at  about  4500  F  (2320  C),  and  the  reduction  of  area  at  3000  F 
(1480  C)  of  8  per  cent,  while  at  9000  F  (4870  C)  both  elongation 
and  reduction  of  area  become  zero. 

In  an  article  on  "  Metallography  as  an  aid  to  the  brass  founder  " 
H.  S.  Primrose  2  considered  the  influence  of  the  pouring  tempera- 
ture on  the  strength  of  finished  castings,  the  existence  of  blowholes 
in  gun  metal,  and  the  examination  of  test  pieces  of  this  material 
under  the  microscope.  Only  two  pouring  temperatures  are 
referred  to,  viz,  9500  and  11000  C  (17420  and  201 20  F),  but  there 
may  be  some  error  or  misprint  about  the  first  temperature  stated, 
because  a  number  of  investigators  have  found  the  melting  point 
of  Admiralty  gun  metal  to  be  about  995°C3  (18230  F). 

He  also  shows  for  two  casts  of  practically  the  same  composition 
that  the  variation  in  the  temperature  of  the  castings  and  the 
consequent  rate  of  cooling  has  a  very  distinct  effect  on  the  structure 
or  crystalline  formation  of  the  metal.  He  finds  that  excessively 
rapid  cooling  renders  gun  metal  very  brittle. 

H.  S.  and  J.  S.  Primrose  4  read  a  paper  on  the  heat  treatment 
of  Admiralty  gun  metal — 2  parts  zinc,  10  parts  tin,  and  88  parts 
copper — wherein  they  considered  the  effect  of  heat  treatment 
upon  its  physical  properties  at  temperatures  ranging  from  normal 
to  8oo°  C  (14720  F).  Apparently  but  one  pouring  temperature 
(a  little  below  1  ioo°  C  (201 20  F)  )  was  used  in  making  the  alloys. 
They  conclude  that  no  improvement  may  be  expected  by  queneh- 
ing,  which  lowers  the  strength  of  the  material;  annealing  of  the 
metal  for  30  minutes  increases  very  considerably  its  strength  and 
elongation,  the  most  satisfactory  results  being  obtained  after 
annealing  30  minutes  at  7000  C  (12920  F).  The  homogeneity 
and  other  physical  properties  of  the  metal  are  correspondingly 
improved,  but  particularly  the  ability  of  the  castings  to  withstand 
hydraulic  pressure.  These  results  after  heat  treatment  are  con- 
sidered to  be  due  to  the  removal  of  the  eutectoid  from  the  micro- 
structure,  which  after  annealing  shows  only  the  crystals  of  alpha 
solid  solution. 

2  Journal  of  the  Institute  of  Metals,  May  24,  1910,  Vol.  IV,  p.  248. 

3  H.  W.  Gillett  and  A.  B.  Norton  in  Transactions  of  Amer.  Inst,  of  Metals,  1913,  Vol.  VII,  p.  341-     (See 
also  VII,  2  of  present  paper.) 

4  Journal  of  Institute  of  Metals,  Vol.  IX,  1913,  p.  158. 


Standard  Zinc-Bronze  Test  Bars  7 

In  a  paper  on  bronzes  John  Dewrance  5  considered  the  effect  of 
adding  small  amounts  of  lead  to  gun  metal.  This  material  was 
submitted  to  heat  treatment  at  2600  C  (5000  F),  but  no  data  were 
given  as  to  the  pouring  temperature  at  which  the  alloys  were  made. 

He  showed  that  with  0.5  per  cent  of  lead  the  breaking  stress 
dropped  from  16.5  tons  per  square  inch  to  about  15.9  tons  per 
square  inch  from  normal  temperature  to  5500  F  (2880  C),  whereas 
gun  metal  without  lead  reached  its  maximum  strength  of  nearly 
17  tons  per  square  inch  at  3000  F  (1480  C),  dropped  to  16.2  tons 
at  3500  F  (1770  C),  and  fell  rapidly  to  9.5  tons  at  4000  F  (2140  C), 
and  at  all  higher  temperatures  up  to  7000  F  (37 1°  C)  was  inferior 
to  zinc  bronze  containing  0.5  per  cent  lead. 

In  the  elongation  tests  the  leaded  zinc  bronze  reaches  its  maxi- 
mum elongation  of  18  per  cent  at  5500  F  (2880  C)  and  above  3600  F 
(1820  C)  its  elongation  is  superior  to  that  of  the  bar  containing 
no  lead. 

Some  additional  experiments  by  H.  S.  Primrose 8  confirmed  the 
fact  that  only  an  almost  inappreciable  change  in  structure  was 
produced  by  any  annealing  conducted  at  a  temperature  much 
below  7000  C  (12920  F) ,  even  with  0.5  to  1  per  cent  of  lead  present. 

Messrs.  Longbottom  and  A.  Campion  7  studied  the  behavior  of 
Admiralty  gun  metal  at  high  temperature.  They  found  that 
the  maximum  stress,  about  13  tons,  remains  practically  constant 
to  2000  C  (3920  F),  then  falls  off,  reaching  almost  zero  at  about 
7500  C  (1,382°  F).  The  elongation  rises  to  a  maximum  at  about 
1 50°  C  (302°  F),  then  falls  rapidly,  reaching  a  constant  low  value 
between  350°  to  550°  C  (662°  to  1,022°  F).  The  reduction  of 
area  follows  almost  exactly  the  same  course,  while  the  modulus 
of  elasticity  is  constant  up  to  about  200°  C  (392°  F),  and  then 
falls  rapidly. 

L.  P.  Webbert 8  discussed  the  strength  of  nonferrous  castings, 
referring  particularly  to  the  method  of  longitudinal  gating  of 
gun-metal  castings,  and  also  considered  the  direct  attachment  of 
the  test  bar  to  the  casting  as  a  means  of  interpreting  the  properties 
of  the  casting.     Temperatures  were  taken  at  the  furnace. 

5  Journal  of  Institute  of  Metals,  Vol.  XI,  1914,  pp.  214,  228. 

6  Journal  of  Institute  of  Metals,  Vol.  XII,  1914,  pp.  254,  256. 

7  Transactions  of  the  Institution  of  Engineers  and  Shipbuilders  in  Scotland,  1914,  Newcastle  meeting; 
Journal  of  Institute  of  Metals,  1914,  Vol.  XII,  p.  281. 

8  Proceedings  Amer.  Soc.  for  Testing  Materials,  Vol.  XIV,  1914,  p.  145. 
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The  object  of  these  investigations  was  to  note  the  changes  in 
strength  that  occur  in  different  thicknesses  of  metal  castings 
made  from  nonferrous  metals  met  with  in  engineering  practice, 
what  strength  to  expect  from  different  alloys,  and  a  study  was 
made  of  different  types  of  test  specimens.  These  tests  were 
carried  out  with  the  test  bar  attached  to  the  casting  by  means  of 
a  thin  gate  running  from  the  casting  along  the  longitudinal  axis 
of  the  test  bar. 

V.  Skillman  9  considered  the  question  of  the  test  specimen  of  a 
nonferrous  alloy  in  which  he  referred  to  the  different  sand-cast 
shapes  and  also  to  a  bar  cast  in  an  open  chill  mold,  and  pointed 
out  the  desirability  of  more  exact  definition  of  test  bars. 

In  all  of  the  above  investigations  some  particular  phase  of  the 
problem  has  been  studied,  but  in  none  of  them  have  all  of  the 
variables  which  influence  the  ultimate  determination  of  the  prin- 
cipal physical  properties  been  taken  into  consideration,  and  with 
the  exception  of  Webbert's  investigations  a  sufficient  number  of 
test  bars  do  not  appear  to  have  been  examined  to  give  conclusive 
results  except  in  minor  particulars. 

Some  of  the  work  of  these  investigators  is  referred  to  elsewhere 
in  the  text. 

II.   TESTS  RECOMMENDED  AND  PROGRAM  ADOPTED 

The  committee  of  the  American  Institute  of  Metals  in  con- 
sultation with  this  Bureau  considered  it  would  be  desirable  to 
determine  the  following  properties  of  this  alloy: 

i.  Tensile  test  with  determination  of  tensile  strength,  elonga- 
tion, and  reduction  of  area,  including  the  recording  of  the  stress 
strain  curve. 

2.  Compression  test. 

3.  Determination  of  (a)  heat  conductivity,  ib)  electrical  con- 
ductivity, (c)  coefficient  of  thermal  expansion,  (d)  hardness,  {e) 
specific  gravity. 

4.  Shrinkage. 

5.  Mechanical  properties  up  to  8oo°  C. 

6.  Hydraulic  test. 

9  Transactions  Amer.  Inst,  of  Metals,  Vol.  VII,  1913,  p.  360. 
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7.  Resistance  to  corrosion  by  (a)  ammonia,  (b)  sea  water, 
(c)  fresh  water,  id)  Turtle  Creek  water. 

8.  Resistance  to  erosion  by  (a)  steam,  (b)  sand  blast. 

9.  Shear  test. 

10.  Impact  test. 

1 1 .  Fatigue  test 

12.  Thermal  analysis. 

13.  Study  of  microstructure. 

For  the  present  investigation  the  following  tests  were  finally 
decided  upon  to  be  carried  out  in  connection  with  the  methods 
of  preparing  the  alloy: 

1.  Experiments  to  determine  the  best  form  of  test  block  and 
test  piece.  A  sufficient  quantity  of  the  alloy  is  to  be  melted  so 
as  to  cast  from  the  same  crucible  all  of  the  various  blocks  pro- 
posed in  a  paper  by  Jesse  I,.  Jones  10,  and  also  a  cast-to-size  test 
bar  both  in  green  and  in  dry  sand. 

2.  Tests  to  determine  the  best  casting  temperature,  to  be  made 
after  the  best  form  of  test  block  and  test  piece  have  been  deter- 
mined. 

3.  Tests  of  the  following  sorts  on  all  the  bars  cast  for  the  tests 
Nos.  1  and  2  above:  (1)  Tensile  test,  including  the  determination 
of  elongation,  reduction  of  area,  and  tensile  strength,  and  record- 
ing of  the  stress- strain  curve;  (2)  compression  test;  (3)  study  of 
microstructure;  (4)  thermal  analysis. 

With  the  exception  of  the  compression  tests,  this  program  has 
been  carried  out  as  planned. 

III.  METHODS  OF  PREPARING  TEST  PIECES 

The  operations  of  casting  and  molding,  etc.,  as  well  as  the  ex- 
periments on  the  variations  in  foundry  practice,  are  described  in 
considerable  detail  so  that  the  exact  bearing  of  the  results  obtained 
may  be  the  more  readily  appreciated,  and  for  the  reason,  well 
known  to  practical  foundrymen,  that  minute  variations  in  seem- 
ingly insignificant  details  are  often  crucial  in  determining  the 
resulting  properties  of  the  cast  metal. 

In  all,  10  series  of  test  blocks  were  cast.  (See  Table  1  and  Figs. 
1  and  3.)     The  first  series  consisted  of  various  sizes  of  test  blocks, 

10  Transactions  Amer.  Inst,  of  Metals,  Vol.  VI,  1912,  p.  173. 


io  Technologic  Papers  of  the  Bureau  of  Standards 

grouped  about  a  central  gate  and  poured  flat  in  green  sand.  The 
second  series  was  poured  flat  in  dried  sand;  the  first  half  of  this 
series  consisted  of  the  same  patterns  arranged  in  practically  the 
same  way  as  the  first  series,  as  shown  on  the  first  diagram  of  Fig.  i . 
The  latter  half  of  the  second  series  was  so  arranged  that  the  pat- 
terns were  of  only  two  different  kinds,  viz,  the  cast-to-size  shape 
and  the  i-inch  diameter  cylindrical  shape  which  balanced  each 
other  and  corresponded  more  closely  to  each  other  in  mass.     (See 

Fig-  3-) 

The  third  series  was  poured  vertically  in  dry  sand  as  indicated 

on  the  second  diagram  of  Fig.  i . 

The  barrel  and  cylindrical  shapes  of  the  fourth  series  were  poured 
vertically  in  dry  sand  with  the  bulb  reservoir  at  the  entrance  to 
each  mold,  as  shown  in  the  diagram  c  of  Fig.  i.  As  the  cast-to- 
size  shape  did  not  prove  successful  by  this  method,  the  pouring 
head  was  transferred  to  the  end  of  the  runner  and  the  mold  was 
supplied  with  metal  from  one  side  of  the  runner,  all  other  condi- 
tions remaining  the  same. 

The  fifth  series  was  poured  flat  in  green  sand,  as  indicated  by 
the  diagram  d  of  Fig.  i. 

The  sixth  series  was  poured  flat  in  dry  sand,  as  indicated  by  the 
same  diagram  of  Fig.  i. 

The  seventh  series  was  poured  vertically  in  dry  sand,  with  bulb 
attachment  to  test  block,  and  with  the  pouring  head  at  one  end  of 
the  runner. 

In  series  VIII  all  specimens  were  reserved  for  heat- treatment 
tests.  Part  of  these  were  poured  flat  in  dry  sand  and  the  other 
part  poured  vertically  in  dry  sand. 

The  ninth  series  was  distinguished  from  all  others  by  the  fact 
that  the  metal  used  consisted  entirely  of  turnings  accumulated  in 
machining  the  test  bars  cast  in  all  of  the  previous  series.  Part  of 
this  series  was  poured  in  an  iron  chill  mold,  and  part  as  indicated  in 
Fig.  i,  d. 

The  tenth  series  was  poured  in  two  ways,  one-half  poured  flat  in 
dry  sand  and  the  other  half  poured  vertically  in  dry  sand.  Bulb 
attachments  were  provided  at  the  entrance  of  each  mold,  and  the 
pouring  head  was  arranged  opposite  one  end  of  the  runner.  It 
was  also  distinguished  from  the  other  series  by  reason  of  the  metal 


Standard  Zinc-Bronze  Test  Bars 


ii 


used,  which  consisted  of  gates,  runners,  sprue  heads,  and  floor  spill- 
ings  from  previous  casts;  in  other  words,  all  the  metal  had  been 
used  before  and  in  foundry  parlance  was  what  is  known  as  "re- 
melted  metal." 

TABLE  1 

Schedule  of  Castings 

[Shapes:  A= cast-to-size,  B= cylindrical,  C=barrel,  D=chill.] 


Series 


Shapes 
used 


How  poured 


Patterns 

in  each 

flask 

Shapes 

5 

A,  B,  C,  D 

aS 

A,  B,  C,  D 

66 

6 

A,  B 

3 

A,B,  C,  D 

3 

A,  B,  C,  D 

3 

A,  B,  C,  D 

3 

A,  B,  C,  D 

3 

A,B,  C 

3 

A,  D 

3 

A,  D 

Metal  feed 


Range  of 
tempera- 
tures 
covered 


I 
II 

IU 

IV 
V 
VI 

vu 
vni 

IX 

x 


Flat;  green  sand. 
Flat;  dry  sand 


Plain  runner, 
do 


Vertical;  dry  sand 

do 

Flat;  green  sand 

Flat ;  dry  sand 

Vertical;  green  sand 

Flat  and  vertical;  dry  and  green  sand. 
Flat  and  vertical;  dry  sand  and  chill. . 
Flat  and  vertical;  dry  sand 


do 

Bulb  gate 

....do 

....do 

....do 

....do 

....do 

....do 


°C 
1050-1230 

1060-1240 

1050-1230 
1075-1395 
1190-1325 
1120-1365 
1180-1225 
1120-1345 
1065-1270 
1255-1270 


a  First  half. 


&  Second  half. 


IV.  METHODS  OF  MOLDING 

The  molding  sand  used  for  the  body  of  the  mold  was  No.  2 
Albany,  mixed  with  pit  Ottawa  sand,  which  is  almost  pure  silica. 
The  facing  sand  was  composed  of  oo  Crescent  sand,  two  parts  to 
one  part  bench  sand. 

The  molding  was  started  by  mixing  two  parts  of  old  molding 
sand  to  one  part  of  new  Albany  sand.  To  1 1  pounds  of  this  mixed 
sand,  \%  pounds  of  pit  Ottawa  sand  were  added  and  the  whole 
thoroughly  mixed  together.  This  mixture  worked  admirably 
and  this  treatment  produced  an  open-bodied  sand  well  adapted 
to  green-sand  molding  operations. 

For  dry-sand  molding  the  method  pursued  was  somewhat 
different.  The  body  of  the  mold  was  composed  of  old,  new,  and 
Ottawa  sand  of  about  the  same  proportions  and  thoroughly  mixed. 
In  putting  up  the  molds  the  body  sand  need  not  be  so  dry  as  for 
green-sand  molding.     When  the  mold  was  made  it  was  sprayed 
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with  a  solution  of  molasses  and  water  to  such  a  consistency  that 
the  liquid  left  a  decidedly  sticky  sensation  to  the  fingers.  To 
obtain  this  condition  make  a  mixture  of  two  parts  of  sirup  to 
three  parts  of  water  by  volume.  Each  mold  was  then  placed  on 
the  shelf  of  a  drying  oven  and  as  a  rule  dried  for  20  minutes;  if 
an  inspection  of  the  dried  mold  showed  any  indication  of  moisture, 
evidenced  by  the  darker  color  of  the  sand,  the  mold  was  again 
dried  until  this  discoloration  disappeared.     The  hot  molds  were 


-  2*  -  a. 


Series  I  Flat,  green  Sand 
Series  JI  OstPart)  Plat  dry  Sang. 


-tot  W-  -£v  -Iff 


*-  Series  JI  (£r?d  Pari!  Plat  dry  Sand 
•Series  J7I  Vertical  dry  Sand 


—J 


c,  -Series  JV  Vertical  dry  Sand 
.•Series  VII   Vertical  green'Sdnd 


Series  V-  Plat,  green  Sand 
Series  VT  Flat  dry  Sand 


Fig.  i. — Methods  of  pouring  bronzes.     Series  I-VII,  inclusive. 

allowed  to  become  perfectly  cold  on  the  pouring  bench  before 
they  were  closed  up  and  poured.  The  ramming  of  the  flask  when 
test  bars  are  to  be  molded  is  an  important  part  of  the  operation. 
The  body  sand  was  shoveled  into  the  flask  in  the  usual  manner, 
filling  it  up  to  about  1%  inches  above  the  rim  of  the  flask,  then  it 
was  crowded  down  into  place  by  hand  and  packed  by  a  kneading 
pressure  of  the  fingers,  starting  at  one  edge  and  working  all  around 
the  edge  of  the  flask  to  the  point  of  beginning  and  then  gently 
kneaded  down  through  the  center  portion.     Then  the  whole  sur- 


Standard  Zinc-Bronze  Test  Bars  13 

face  was  rammed  lightly  with  the  wedge-shaped  end  of  the  rammer, 
followed  by  a  uniform,  light  ramming  with  the  rounded  end  of  the 
rammer.  The  whole  surface  was  then  sprinkled  over  with  loose 
sand  from  the  tub  and  stricken  off  smooth  with  an  iron  bar;  sand 
was  then  slightly  spread  over  the  surface  in  the  usual  manner, 
smoothed  and  crowded  down  with  the  moldboard.  The  smoothed 
surface  was  tested  at  different  places  by  finger  pressure  to  deter- 
mine whether  the  ramming  had  been  uniform,  especially  if  the 
flask  was  to  be  poured  flat,  or  if  poured  vertical  the  lower  part  of 
the  flask  was  rammed  harder  than  the  upper  surface  so  that  the 
casting  would  not  be  swelled  when  poured. 

If  the  flask  was  to  be  poured  flat,  the  pouring  hole  was  molded 
about  the  wooden  plug,  and  the  sand  about  the  plug  was  rammed 
much  harder  than  the  rest  of  the  mold,  so  as  to  resist  any  possible 
cutting  action  of  the  pouring  stream  of  metal  that  might  impinge 
upon  the  sides. 

In  dry-sand  molds  the  runners  and  the  pouring  head  were 
dusted  with  powdered  graphite  and  slicked  smooth  by  a  light 
pressure  of  the  fingers  before  the  surface  was  sprayed  with  molasses 
water.  In  order  to  insure  that  the  molds  contained  no  loosely 
adhering  particles  of  sand  which  might  be  dislodged  by  the 
pouring  stream,  it  was  found  desirable  to  carefully  inspect  the 
runners  and  pouring  heads  throughout  their  entire  area  and 
length,  and  where  any  roughness  showed,  due  to  cutting  of  gates 
or  passages,  to  smooth  such  surfaces  down  by  a  pressure  of  the 
thumb  or  fingers,  and  also  to  avoid  all  sharp  or  angular  turns  in 
the  metal  channels. 

1.  TESTING  THE  MOLDING  SAND 

According  to  the  best  foundry  practice,  the  quality  of  a  molding 
sand  is  considered  to  depend  upon  its  cohesiveness,  its  refractori- 
ness, texture,  porosity,  permeability,  and  durability.  These 
factors  have  been  clearly  defined  in  a  brochure  on  Foundry  Sands, 
prepared  by  Heinrich  Ries  and  J.  A.  Rosen.11  The  texture  of 
the  sand  is  determined  by  observing  the  percentage  of  the  sample 
which  is  retained  on  sieves  of  different  mesh.     This  test  is  the  one 

11  Published  by  the  Board  of  Geological  Survey  of  Michigan,  May  6,  1908. 
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most  commonly  referred  to  as  the  foundry  test  for  molding  sand. 
Messrs.  Ries  and  Rosen  advocate  the  following  method: 

Fifty  grams  of  the  sand  are  put  into  an  8 -ounce  bottle  and  the 
latter  half  filled  with  water.  The  mixture  is  then  placed  in  a 
mechanical  shaker  for  half  an  hour  in  order  to  disintegrate  it, 
after  which  it  is  washed  through  a  set  of  20,  40,  60,  80,  and  100 
mesh  sieves.  The  sand  on  each  is  dried  and  weighed.  The  amount 
passed  through  the  100-mesh  sieve  is  received  in  a  glass  jar. 
When  all  of  the  water  and  suspended  matter  has  run  through  the 
sieves,  the  contents  of  the  jar  are  stirred  up  and  allowed  to  stand 
45  seconds.  The  amount  that  settles  during  this  interval  of  time 
consists  almost  entirely  of  fine  sand  and  grains  of  silt,  ranging 
from  tJit  to  xhr  inch  in  size  and  is  classified  as  -5-5-0"-  The  water 
with  the  suspended  clay  is  then  decanted  off.  Since  some  clay 
is  drawn  down  with  the  silty  particles,  the  washing  process  is 
repeated  in  order  to  remove  the  remaining  clay.  The  water  over 
the  silt  and  fine  sand  is  removed  in  part  by  decantation  and  the 
residue  evaporated  to  dryness  as  is  also  the  solution  containing 
the  suspended  clay.  If  the  sample  be  a  bank-molding  sand,  it 
should  first  be  passed  through  a  10-mesh  sieve  to  remove  twigs, 
other  organic  matter,  and  gravel. 

The  percentage  of  material  retained  on  each  sieve  is  found  by 
dividing  the  weight  of  sand  on  each  sieve  by  the  total  weight  of 
the  sand  and  multiplying  by  100.  The  majority  of  molding  sands 
have  a  specific  gravity  of  2.6. 

The  object  of  the  sieve  test,  as  above,  is  to  determine  the  tex- 
ture of  a  molding  sand.  This  property  is  of  primary  importance. 
It  may  affect  the  cohesiveness  of  the  sand;  it  stands  in  close 
relation  to  the  permeability  of  the  sand,  and  to  a  large  degree 
determines  the  grade  of  metal  that  can  be  cast  into  it. 

2.  GATING  AND  POURING  OF  THE  MOLDS 

Fig.  1  shows  the  method  of  gating  pursued  for  the  first  seven 
series.     (See  p.  12.) 

The  eighth  series  was  poured  vertically  in  dry  sand,  somewnat 
like  the  sixth  series,  with  this  exception,  that  although  the  runner 
location  was  the  same  the  flask  was  tilted  up  on  end.  The  pouring 
head  was  placed  opposite  the  end  of  the  runner  so  that  the  molded 
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depressions  would  be  filled  up  from  the  side  as  the  molten  metal 
rose  up  from  the  bottom  of  the  runner.  The  circular  opening 
marked  "pouring  head"  on  the  figure  was  closed  up  and  formed  a 
pocket  at  the  bottom  of  the  runner,  which  caught  and  retained 
nearly  all  of  the  oxides,  dross,  and  dirt  which  had  risen  to  the  top 
surface  of  the  pot,  but  which  in  pouring  was  cast  into  and  filled 
the  pocket  first.  This  device  afforded  the  molded  depressions  a 
chance  to  fill  up  with  clean  metal. 

The  ninth  series  was  poured  in  a  chill  bar  and  from  turnings 
run  down  directly  in  the  pot. 

The  tenth  series  was  poured  flat  in  dry  sand  in  the  same  manner 
as  the  sixth  series. 

In  the  first  series  and  first  half  of  the  second  series  the  gating 
was  found  to  be  defective,  inasmuch  as  the  molds  to  be  filled  from 
the  center  runner  were  of  different  dimensions,  and,  since  they 
drew  from  the  same  supply,  unequal  shrinkages  were  produced; 
hence,  uniform  results  could  not  be  secured.  In  addition  to  this, 
the  heavier  sections  showed  results  inferior  to  the  thinner  sections 
because  in  machining  each  specimen  down  to  a  uniform  standard 
section  the  skin  formed  at  the  quickly  cooled  surfaces  of  the 
larger  specimens  was  cut  away,  leaving  only  the  softer  core  to 
withstand  the  stresses,  which  in  the  case  of  the  thinner  specimens 
were  imposed  upon  the  more  quickly  chilled  harder  shafts.  This 
slower  cooling  of  the  heavier  pieces  permitted  of  a  different  crystal 
formation  and  a  different  phase  formation  in  the  solid  solution 
of  the  metal  than  would  be  possible  in  the  thinner  and  more 
rapidly  cooled  sections,  and  consequently  in  the  latter  case  pro- 
duced much  higher  tensile  strength.  To  obviate  these  defects 
the  patterns  were  changed  in  the  last  half  of  the  second  series  so 
that  they  were  more  equal  in  volume,  more  uniform,  and  better 
results  as  to  tensile  strength  and  ductility  were  immediately 
secured. 

In  the  last  part  of  the  fourth  series  the  gating  was  changed,  as 
represented  by  the  dotted  lines,  which  represent  the  new  position 
of  the  pouring  head,  the  old  pouring  head  being  stopped  off. 

In  the  seventh  and  all  subsequent  series  poured  vertically,  the 
diagram  shown  for  the  fifth  series,  with  the  dotted  lines,  indicates 
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the  position  of  the  pouring  head,  the  old  pouring  head  having 
been  closed  up  and  used  as  a  sump  to  catch  slag  and  scoriae. 

The  process  of  pouring  the  chill  bars  furnished  some  data  of 
importance.  To  make  this  clear  it  is  necessary  to  explain  that 
the  chill  bars  were  poured  as  flat  as  possible,  almost  level,  in  fact; 
the  filling  of  the  mold  began  at  one  end  and  then  the  metal  flowed 
on  to  the  farther  end.  In  the  pouring,  the  scum  and  dross  which 
were  carried  down  by  the  pouring  stream  accumulated  in  the  front 
end  of  the  mold;  this  scum,  which  chilled  faster  than  the  molten 
metal,  was  more  sluggish  in  its  flow,  and  was  also  held  back  more 
or  less  by  the  frictional  resistance  of  the  sides  of  the  mold.  When 
machined  down  it  was  found  that  as  a  rule  the  specimen  at  this 
end  of  the  mold  was  softer  than  at  the  far  end  which  contained  the 
finer  metal,  and  that  sometimes  the  penetration  of  the  dross  into 
the  mold  had  reached  into  the  core  of  the  specimen  itself.  Now, 
the  practice  had  been  established,  for  the  purpose  of  identification 
of  the  specimen  and  its  pouring  position,  of  numbering  the  pouring 
end  first.  It  was  found  as  a  rule  that  the  far  or  purer  end  of  the 
mold  yielded  the  more  perfect  specimen,  the  one  that  gave  the 
highest  tensile  result  and  the  greatest  elongation.  To  illustrate 
this  point  attention  may  be  called  to  the  results  on  a  chill  bar, 
cast  in  the  fourth  series,  at  a  temperature  of  11500  C  (21020  F). 
This  block  is  always  long  enough  to  make  three  finished  test  bars. 
Their  numbers  were,  respectively,  478,  479,  and  480.  Their 
tensile  strengths  were  37  800,  42  200,  and  45  400  pounds  per 
square  inch,  and  their  elongations  4  per  cent,  8.5  per  cent,  and  11 
per  cent,  respectively.  Now  4.5  per  cent  is  considered  a  good 
elongation  for  a  chill  bar.  It  may  be  seen  from  these  results  how 
important  it  is  that  the  pouring  stream  should  be  free  from  dross 
and  scum  of  all  kinds,  and  this  result  may  be  promoted  by  the 
use  of  a  pouring  lip,  or  of  a  cover  over  the  metal  which  will  hold 
the  dross  back.  It  also  shows  another  interesting  fact — that  with 
pure  metal,  the  higher  the  tensile  strength  of  a  specimen  the 
greater  is  the  elongation  that  may  be  expected.  The  standard  of 
performance  in  such  a  case  may  undoubtedly  be  raised  by  the  use 
of  the  greatest  of  care  to  insure  the  purifying  of  the  alloy. 

In  the  third  series  (Fig.  1 ,  b)  the  patterns  were  better  balanced 
and  arranged  on  opposite  sides  of  the  runner,  and  although  internal 
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stresses  still  developed  through  inadequate  feeding  supply  fairly 
good  results  were  secured. 

In  the  fourth  series  (Fig.  1 ,  c)  a  bulb  reservoir  was  for  the  first 
time  molded  with  the  test  piece  opposite  each  mold,  which  sup- 
plied an  adequate  amount  of  metal  to  take  up  the  shrinkage.  By 
this  device  internal  stresses  developed  by  cooling  were  almost 
wholly  avoided.  In  this  series  the  center  mold  proved  defective 
because  it  was  directly  opposite  the  pouring  gate.  This  arrange- 
ment permitted  the  center  mold  to  catch  all  the  dross,  oxides,  and 
scoriae  naturally  carried  down  by  the  entering  column  of  molten 
metal.  To  avoid  this  the  pouring  head  was  shifted  to  one  end  of 
the  runner  without  changing  the  position  of  the  patterns  in  the 
molding  operations,  whereupon  better  results  were  immediately 
obtained.  This  bulb,  as  indicated  on  Fig.  1,  was  about  2%  inches 
in  diameter. 

The  fifth,  sixth,  and  tenth  series  were  gated  as  shown  in  Fig.  1 ,  d. 
The  seventh  was  gated  in  the  same  manner  as  the  revised  fourth 
series;  that  is,  the  pouring  head  was  placed  opposite  one  end  of  the 
runner,  and  the  circular  molded  portion  acted  as  a  pocket  or  sump 
to  collect  the  dross  and  scoriae  so  that  the  molds  could  be  cleanly 
fed  with  metal.  Unless  sufficient  space  is  provided  in  the  runner 
and  in  the  pouring  head  for  the  metal  to  enter  the  mold  in  a  solid 
steady  stream,  and  at  the  same  time  to  allow  sufficient  space  adja- 
cent to  the  descending  column  of  metal,  the  gases  developed  will 
have  no  opportunity  to  escape  and  free  themselves  from  the  metal. 
The  consequences  will  sometimes  be  a  choked  mold,  which  does 
not  fill  up  uniformly,  or  castings  that  have  become  permeated 
with  gas  holes,  and  therefore  porous,  or  both  undesirable  results 
may  accrue.  To  secure  good  results,  it  therefore  becomes  neces- 
sary to  have  the  runner  molded  with  the  patterns  so  as  to  secure  a 
smooth  and  uniform  passage  for  the  flow  of  metal,  a  channel  which 
can  not  be  obtained  by  cutting  out  after  the  mold  is  made. 

V.  METHODS  OF  MAKING  THE  ALLOY 

The  furnace  used  was  a  cylindrical,  brick-lined  chamber  with 
separate  removable  iron  grate  bars,  and  provided  with  a  conical- 
shaped  cast-iron  cover.     It  was  of  the  pit  type,  coke  fired,  with 
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natural  draft,  and  was  provided  with  a  chimney  about  60  feet  in 
height.  It  was  found  necessary  to  break  the  coke  to  a  uniform 
size,  as  the  space  between  the  pot  (a  No.  40)  and  the  furnace  lining 
was  only  about  2lA  inches  in  width.  In  the  bottom  of  the  furnace, 
resting  on  the  grate  bars,  an  old  pot  was  cut  down  to  about  two- 
thirds  of  its  former  height  and  was  inverted  to  form  a  permanent 
support  for  the  melting  pot,  so  that  the  latter  would  not  settle 
down  on  the  grate  bars  as  the  coke  burned  out,  and  also  for  the 
purpose  of  keeping  the  melting  zone  at  a  fixed  height,  viz,  about 
4  inches  above  the  bottom  of  the  pot.  The  average  time  of  melting 
the  charge  of  about  65  pounds  was  about  two  and  one-fourth  hours. 
The  fuel  used  was  7 2 -hour  coke,  kept  dry.  One  heat  per  day  was 
poured. 

The  pot  was  charged  as  follows :  In  the  bottom  an  inch  layer  of 
charcoal  broken  into  pieces  about  the  size  of  a  hickory  nut  was 
placed  evenly.  The  copper  ingots  of  the  weighed  charge  were  set 
on  this  bed  of  charcoal,  small  pieces  of  gates,  sprue  heads,  or 
defective  castings  were  then  put  in  to  fill  the  crevices  between  the 
ingots  of  copper  and  to  level  off  the  surface  up  to  the  top  of  the  pot. 
Broken  charcoal,  very  small  pieces  with  no  dust,  were  added  as  a 
protective  covering,  and  the  graphite  cover  was  placed  over  the 
entire  charge.  The  coke  fire  was  then  urged  to  its  utmost.  As  fast 
as  the  body  of  coke  burnt  down  what  remained  was  crowded 
down  firmly  with  a  heavy  iron  bar,  fresh  coke  added  up  to  the  top 
of  the  pot  and  sometimes  strewn  over  the  cover  itself,  and  the  firing 
then  proceeded  until  the  charge  was  melted.  The  graphite  cover 
was  then  removed  and  the  molten  metal  stirred.  When  the  copper 
was  completely  melted,  the  tin  was  added  and  carefully  stirred  in. 
When  the  metal  had  come  to  a  somewhat  higher  temperature,  the 
zinc,  after  being  previously  heated,  was  added  and  stirred  into  the 
molten  bath  as  rapidly  as  possible.  All  of  the  charge  now  being 
in  the  pot  and  ascertained  to  be  in  a  molten  state,  the  fire  was 
accelerated  and  the  charge  heated  up  considerably  higher;  in  fact, 
until  lambent  zinc  flames  began  to  be  seen  around  the  edges  of  the 
metal  surface  adjoining  the  pot. 
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1.  STIRRING  OPERATION 

The  object  of  stirring  the  molten  metal  thoroughly  was  to  pro- 
mote the  intimate  mixture  of  the  components  of  the  alloy.  If 
the  stirring  rod  be  worked  up  and  down  and  from  side  to  side,  as 
well  as  moving  about  in  a  circular  path,  the  various  particles  of 
the  alloy  will  be  brought  into  more  intimate  contact  than  if  only 
one  kind  of  motion  be  followed  in  the  stirring.  The  rotary  motion 
is  the  one  generally  used,  but  if  also  accompanied  by  a  vertical 
pumping  movement  of  the  stirring  rod,  the  heavier  particles  at 
the  bottom  will  be  displaced,  the  lighter  particles  dragged  down- 
ward, and  a  thorough  diffusion  of  all  the  particles  and  greater 
uniformity  of  mixture  will  be  obtained. 

A  graphite  rod  is  inserted  into  an  iron  sleeve  about  12  inches 
long,  into  which  has  been  cut  a  Vio-inch  slot.  This  sleeve  is  set 
in  an  iron  collar  i29/32  inches  inside  dimension  by  Y%  inch  long, 
which  is  secured  to  the  sleeve  and  tightens  the  clutch  on  the 
graphite  rod  by  means  of  a  ^-inch  standard  set  screw.  At  one 
end  of  the  sleeve  the  rod  is  inserted  and  the  other  end  is  screwed 
into  a  ^ -inch  iron  pipe,  which  is  made  of  any  length  desired. 
(Fig.  2.) 

There  is  the  objection  to  both  the  iron  and  graphite  rod  that 
they  absorb  heat  from  the  molten  metal  and  reduce  its  tempera- 
ture if  the  rods  be  introduced  in  a  cold  state;  they  must  be 
heated  to  a  cherry  red  heat  before  being  plunged  into  the  metal. 
The  disadvantage  of  the  iron  rod  is  that  if  it  be  kept  in  the  metal 
long  enough  to  stir  the  mass  effectively  little  globules  of  the  iron 
drop  from  the  iron  poker  into  the  metal  alloying  with  and  con- 
taminating the  melt. 

The  advantages  of  the  graphite  over  the  iron  rod  for  stirring 
purposes  may  be  readily  seen  by  considering  the  fact  that  the 
consumption  of  the  graphite  rod  in  contact  with  the  molten 
metal  produces  a  gas  and  does  not  furnish  any  element  capable 
of  combining  with  the  constituents  of  the  alloy  unless  it  be  the 
silicon  which  may  be  present  in  only  such  a  slight  amount  that 
no  deleterious  effects  are  perceptible  in  the  cast  alloy;  this  result 
is  confirmed  by  the  fact  that  chemical  analysis  fails  to  show  any 
silicon  in  the  alloy.     The  rod  burns  away  gradually,  the  combus- 
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tion  of  the  rod  taking  place  chiefly  at  the  bottom  until  the  \x/2 
inches  diameter  of  the  section  burns  away  to  a  point.  The  rod 
may  be  used  safely,  as  a  rule,  for  not  less  than  30  consecutive 
heats,  and  this  average  may  sometimes  be  increased  to  40  heats. 
A  very  satisfactory  rod  is  one  made  of  Acheson  graphite,  which 
is  almost  pure  carbon.  It  is  a  soft,  dense,  brittle  substance,  and 
in  its  use  as  a  stirring  rod  must  be  handled  with  some  care.  A 
rod  of  so  large  diameter  as  specified  seems  capable  of  offering  the 
transverse  resistance  to  fracture  required  by  the  stirring  opera- 
tion. Its  fragility  comes  into  question  if  it  be  carelessly  dropped 
from  the  workman's  hand  when  the  rod  has  served  its  purpose. 
A  good  method  of  preserving  it  from  transverse  fracture  is  to 
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plunge  it  vertically  into  a  barrel  of  loosely  packed  sand  immedi- 
ately after  being  withdrawn  from  the  furnace. 

2.  DETERMINATION  OF  POURING  TEMPERATURES 

The  temperature  was  taken  while  the  metal  was  still  in  the 
furnace  by  means  of  a  Holborn-Kurlbaum  type  of  the  Morse 
optical  pyrometer,  or  after  the  pot  was  removed  from  the  fire,  by 
means  of  a  thermocouple  consisting  of  platinum,  platinum-iridium 
(io  per  cent).  The  platinum  couple  was  incased  in  an  inner  tube 
of  quartz  open  at  both  ends  for  the  insulation  of  the  two  wires 
from  one  another,  and  the  whole  sheathed  in  a  quartz  tube  closed 
at  one  end.  The  closed  end  of  the  quartz  tube  was  held  over  the 
molten  metal  until  the  temperature  of  approximately  6oo°  C 
(ni2°  F)  was  indicated,  and  then  plunged  to  within  about  6 
inches  of  the  bottom  of  the  pot.  The  needle  of  the  registering 
millivoltmeter  rose  steadily  and  rapidly  to  a  constant  position 
when  the  reading  was  taken,  and  there  was  no  perceptible  lag 
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noticed  after  the  couple  had  been  plunged  into  the  metal.  It  was 
found  that  all  slag  or  scoriae  adhering  to  the  tube  from  the  con- 
tents of  the  pot  could,  when  cold,  be  removed  easily  by  one's 
fingers  without  detriment  to  the  tube.  A  set  of  tubes  was  used 
for  months  without  any  marked  deterioration. 

The  thermometer  used  for  taking  the  temperature  of  the  cold 
junction  was  wound  about  with  one  of  the  copper  leads  from  the 
Pt  wire  of  the  thermocouple  at  one  end  and  the  other  end  wound 
about  in  the  same  manner  with  copper  lead  of  the  Pt-Ir  wire. 
The  thermometer  was  fastened  to  a  thin  board  with  insulated 
wires  and  the  whole  secured  to  the  upper  end  of  the  outer  quartz 
tube  so  as  to  become  rigidly  a  part  of  the  device.  This  method 
prevented  any  undue  pulling  strain  on  the  tubes  or  the  connec- 
tions, and  this  arrangement  became  a  practicable  foundry  device, 
with  which  the  pouring  temperature  of  one  or  more  pots  could  be 
taken  successively.  It  was  found  that  after  a  month's  training 
and  experience  almost  any  intelligent  workman  could  take  the 
pouring  temperatures  accurately  and  rapidly.  This  experiment 
was  undertaken  to  show  that  although  operating  under  labora- 
tory conditions  the  thermocouple  as  constructed  would  be  appli- 
cable to  general  foundry  conditions  and  requirements. 

VI.     PREPARATION     AND     MECHANICAL     TESTS     OF 

SPECIMENS 

All  of  the  various  shapes  cast  in  sand  were  machined  down  to 
the  uniform  length  of  \]/2  inches,  with  a  center  test  section  0.505 
inch  diameter  by  2  inches  long,  and  fillets  connecting  the  threaded 
ends  ^4  inch  diameter  with  the  center  section.  Three  points,  1 
inch  apart  on  centers,  were  established  on  the  center  section  of 
each  bar,  from  which  to  measure  the  elongation  after  stress. 

Since  the  ninth  series  was  poured  in  chill  bars  13  inches  long, 
it  was  possible  to  secure  three  test  bars  from  each  chill  bar.  These 
were  turned  down  to  a  uniform  diameter  of  about  1  inch,  and  cut 
into  three  pieces  which  were  further  machined  down  to  the  re- 
quired dimensions. 

Each  bar  was  tested  in  an  Emery  hydraulic  testing  machine. 
Extensions  were  taken  by  an  extensometer  for  increasing  loads 
of  200,  500,  1000,  1500,  2000,  2500,  3000,  3500,  and  4000  pounds. 
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After  the  4000-pounds  load  the  extensometer  was  removed  from 
the  bar  and  the  stress  continued  up  to  complete  destruction  of 
the  bar,  the  breaking  load  being  recorded  and  the  stress  per  square 
inch  calculated  from  the  dimensions  of  the  section.  Then  the 
elongation  on  each  part  was  measured  and  the  sum  of  the  two 
taken  as  the  total  elongation  in  2  inches.  The  reduction  in  area 
at  the  point  of  fracture  was  taken  by  means  of  a  micrometer. 

VII.  PHYSICAL  PROPERTIES 

All  of  the  above-mentioned  data  were  obtained  for  each  speci- 
men and  the  curves  plotted  from  the  information  thus  obtained, 
as  shown  in  the  Figs.  5,  6,  7,  8,  and  9.  While  all  of  these  physical 
properties  have  been  plotted  in  consecutive  sequence  with  refer- 
ence to  the  temperatures  at  which  the  bars  were  poured,  with  the 
object  of  determining  the  effect  of  pouring  temperature  on  the 
properties  of  the  alloy,  there  appears  to  be,  nevertheless,  no  sim- 
ple relation  readily  deducible  between  the  pouring  temperature 
and  the  strength  of  the  specimen. 

1.  GENERAL  DISCUSSION  OF  RESULTS  OF  PHYSICAL  TESTS. 

The  physical  properties  to  be  considered  were  the  tensile 
strength,  elongation,  reduction  of  area,  extensions  under  increas- 
ing loads  from  200  to  4000  pounds,  respectively,  and  the  hard- 
ness and  specific  gravity.  The  test  bars  were  cast  as  separate 
units  and  not  as  attached  members  to  the  body  of  a  larger  casting, 
for  it  is  now  admitted  that  for  a  copper  tin  alloy  the  attached  test 
bar  does  not  represent  the  strength  of  the  casting  as  a  whole  and, 
in  general,  would  be  expected  to  give  higher  values  than  sections 
cut  from  the  castings  themselves.  To  show  the  relative  values  the 
metal  is  capable  of  giving,  the  various  shapes  were  cast  as  sepa- 
rate units,  with  different  methods  of  molding,  and  poured  at 
various  temperatures  to  ascertain,  if  possible,  the  best  methods 
to  be  pursued  in  order  to  obtain  uniform  results.  It  has  also  been 
found  by  various  experiments  that  when  test  bars  were  made  of 
unequal  sectional  area,  and  the  test  members  turned  from  the 
larger  pieces,  the  interior  possessed  no  skin  and  gave  lower  re- 
sults.    (See  Webbert  on  ' '  Specimens  for  non  ferrous  castings. ' ') " 

15  Proc.  of  Amer.  Soc.  for  Testing  Materials. 
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It  has  also  been  found  that  owing  to  a  lack  of  uniformity  in  the 
rate  of  cooling  of  the  heavier  bars  (exceeding  }4,  inch  diameter) 
the  physical  results  show  considerable  lack  of  imiformity.  For 
these  reasons  the  greatest  number  of  experiments  in  this  investi- 
gation have  been  made  with  specimens  that  have  not-  had  the 
external  skin  cut  away  very  much  in  reducing  them  to  the  size 
required  for  testing.  Another  advantage  of  the  smaller  size  and 
almost  uniform  section  is  that  the  shrinkage  is  more  uniform  and 
when  such  sections  are  properly  gated  there  is  less  tendency  to 
the  production  of  internal  strains,  which  would  develop  a  weak- 
ness in  the  tested  specimen,  and  thus  lead  to  erroneous  deductions. 

It  can  be  shown  that  the  tensile  strength  alone  of  any  given 
specimen  is  not  an  invariable  criterion  of  its  value,  and  the  same 
deduction  is  true  of  the  elongation  and  reduction  of  area ;  also  that 
there  is  a  closer  relation  and  interdependence  between  the  elonga- 
tion and  the  reduction  of  area  of  a  specimen  than  between  any 
two  other  properties.  A  large  elongation  in  a  sand-cast  specimen 
is  generally  accompanied  by  a  corresponding  increase  in  the  reduc- 
tion of  area.  In  the  tests  made  of  the  extensions  under  successive 
increasing  loads  the  different  bars  showed  no  definite  yield  point 
except  in  a  few  limited  cases,  but  wherever  the  stress-strain  curve 
plotted  was  uniform  in  curvature  the  bar  would  show  a  uniformity 
of  texture  from  which  superior  results  might  be  expected.  Wher- 
ever there  is  a  sudden  deviation  from  this  uniformity  of  deforma- 
tion it  is  probably  due  to  some  interior  stress  developed  at  that 
point  by  the  load  of  deformation,  as  such  specimens  as  a  whole 
fail  to  reach  the  normal  average  of  the  bars  of  such  a  series.  The 
conclusion  to  be  derived  from  these  results  is  that  uniformity  of 
curvature  of  the  stress-strain  curve  is  a  safer  guide  to  the  homo- 
geneity of  the  mass-structure  than  the  so-called  yield-point  deter- 
mination. It  is  known  that  once  the  yield  point  is  attained  further 
loading  increases  the  elongation  of  the  bar  with  more  than  normal 
rapidity. 

It  is  well  known  from  metallographic  studies  that  during  the 
cooling  of  an  alloy  from  the  fluid  state,  crystals  separate  out  from 
the  mother  fluid,  which  possess  a  density  different  from  that  of 
the  body  of  the  fluid,  and  these  heavier  portions  sink  to  the  bot- 
tom.    Such  a  phenomenon  is  known  as  liquation.     This  pheno- 
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menon  is  favored  by  a  slow  rate  of  cooling,  hence  the  larger  the 
sectional  area  of  the  test  bar  the  less  will  be  the  probable  homo- 
genity,  and  this  fact  is  an  additional  reason  for  choosing  the 
smaller  section  in  the  making  of  the  test  bar.  The  tendency  to 
liquation  is  avoided  by  a  thorough  stirring  of  the  molten  bath 
before  the  bar  is  poured,  followed  by  a  rapid  cooling,  where  such 
a  procedure  is  possible.  In  test  bars  that  show  a  uniform  texture 
at  the  fracture  but  yield  low  tensile  results,  a  metallographic 
examination  of  the  fresh  fracture  will  sometimes  reveal  tiny 
globules,  or  bright  surfaces,  which  appear  to  fill  up  the  interstices 
between  the  crystals;  this  appearance  shows  that  some  alloy 
phase  of  a  melting  point  lower  than  the  mother  fluid  has  solidified 
last.  This  formation  is  always  attended  by  results  lower  than 
normal,  and  is  due  first  to  inadequate  stirring  of  the  metal  when 
compounded,  or  to  too  great  a  proportion  of  virgin  metal,  or  to 
ineffective  stirring  just  before  the  molten  alloy  is  poured  into  the 
molds.  It  is  not  of  frequent  occurrence  except  when  lead  is  a 
component  of  the  prepared  alloy. 

From  the  chill  bar,  which  presents  the  minimum  elongation  to 
be  expected,  with  a  given  tensile  strength,  to  the  cast-to-size 
shape,  cylindrical  form,  and  so  on,  the  larger  the  sectional  area 
at  the  center  of  the  piece  for  the  same  length  of  the  specimen, 
the  greater  is  the  elongation  that  may  be  expected,  but  at  the 
same  time  there  is  no  factor  from  which,  if  one  of  the  values  be 
known,  the  other  may  be  derived. 

The  chill-bar  test  is  not  representative  of  the  alloy  unless  the 
bar  be  annealed  or  quenched.  Poured  from  the  same  heat  as 
the  sand-cast  specimen,  its  rate  of  cooling  is  more  rapid,  its  den- 
sity is  greater,  and  its  crystalline  structure  is  not  so  open  in  texture 
as  the  sand-cast  specimen,  and  for  these  reasons  it  is  not  compar- 
able in  the  physical  properties  developed  under  stress  to  the  sand- 
cast  specimens. 

In  considering  the  physical  properties  of  the  chill-bar  specimen 
it  is  well  to  remember  that  at  rather  low  and  very  high  pouring 
temperatures  the  chill  bar  represents  the  utmost  tensile  strength 
of  which  the  metal  is  capable,  and  only  on  account  of  its  sudden 
solidification  is  its  corresponding  percentage  of  elongation  and 
reduction  of  area  greatly  lowered  over  what  is  expected  of  the  sand- 
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cast  specimen.  This  initial  chill  creates  internal  stresses  and 
prevents  the  flow  of  the  metal  under  continuous  tensile  stresses. 
In  other  words,  the  internal  core  of  the  bar  is  in  an  abnormal 
state;  now  if  this  state  be  normalized  by  restoring  its  internal 
structure  to  a  condition  of  equilibrium  at  the  surface  with  respect 
to  stresses,  by  submitting  such  a  chill  bar  to  a  proper  heat  treat- 
ment, either  annealing  or  quenching  after  heating  to  a  temperature 
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Fig.  3. — Patterns  of  test  bars 
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of  from  7000  to  8oo°  C  (12920  to  14720  F)  for  30  minutes,  it  will  be 
found  either  in  the  properties  of  elongation  or  reduction  of  area 
or  in  the  metal lographic  examination,  that  the  micros tructure 
has  been  normalized,  and  that  the  elongation  and  reduction  of 
area  have  been  increased  by  nearly  400  per  cent,  giving  values 
equivalent  to  those  of  the  best  sand-cast  specimen  that  can  be 
obtained.     In  investigating  a  chill-bar  specimen  it  would  be  advis- 
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able,  therefore,  to  submit  it  to  a  proper  heat  treatment  in  order 
to  restore  the  metal  to  its  normal  state  and  then  to  test  it  for  its 
true  physical  properties,  because  the  heat  treatment  recommended 
does  not  deform  the  specimen  in  any  way  nor  does  it  alter  its 
chemical  composition. 

The  general  results  show  that  there  is  no  proportionate  ratio 
between  elastic  limit  and  tensile  strength,  but  a  more  extended 
investigation  of  these  properties  of  suitably  heat-treated,  zinc- tin 
bronzes  may  be  able  to  establish  such  a  relation 

Fig.  4  is  a  photograph  of  14  specimens  which  shows  their  ap- 
pearance after  fracture;  photomicrographs  of  fractures  and  sec- 
tions of  typical  specimens  are  also  shown  in  Part  II. 

Table  2  furnishes  details  of  the  shapes,  pouring  temperatures, 
method  of  molding,  and  physical  properties. 

TABLE  2 


Shape 

Pouring 
tempera- 
ture 

Sand 

Tensile  strength 

Elonga- 
tion in  2 
inches 

Reduc- 

Test bar 

Pounds 
per  sq.  in. 

Kilograms 
per  cm2 

tion  of 
area 

531 

A 
B 
C 
A 
B 
B 
D 
A 
A 
A 
D 
A 
A 
A 

°C 

1200 
1200 
1220 
1200 
1120 
1220 
1220 
1225 
1180 
1255 
1120 
1255 
1270 
1270 

F.  G.  S. 
F.  G.  S. 
F.  D.  S. 
F.  D.  S. 
F.  D.  S. 
V.  G.  S. 

Chill 
V.  G.  S. 
V.  G.  S. 
F.  D.  S. 

Chill 
F.  D.  S. 
V.  D.  S. 
V.  D.  S. 

45  700 

40  500 
37  800 
45  000 
39  300 

41  800 
49  700 
49  600 

49  100 

50  500 
49  300 
35  600 
29  300 

42  500 

3213 
2847 
2657 
3164 
2763 
2939 
3494 
3487 
3452 
3550 
3466 
2503 
2060 
2988 

Per  cent 
24.5 
24.5 
25.0 
21.5 
17.5 

Per  cent 
20.0 

591 

23.0 

609 

23.0 

637 

18.0 

648 

17  0 

704 

29.0 
6.0 
30.5 
36.0 
53.0 
5.5 
16.0 
9.5 
18.5 

24.0 

707 

7.0 

740 

19.  1 

802 

33.7 

814 

40.3 

905 

4.0 

923 

15.0 

1015 

16.9 

1020 

20.2 

[Shapes:  A=cast  to  size,  B=  cylindrical,  C=  barrel,  D=  chill.  Sand:  F.  D.  S.=  poured  flat  in  dry  sand, 
F.  G.  S.=  poured  flat  in  green  sand,  V.  D.  S.=  poured  vertical  in  dry  sand,  V.  G.  S.=  poured  vertical  in 
green  sand,  Chill=  poured  in  open  iron  chill  mold] 

By  referring  to  the  table  it  will  be  noted  that  in  specimens  531 
and  591  the  elongation  was  identical,  but  there  was  a  difference 
in  their  reductions  of  area  and  tensile  strength  in  which  the  cast- 
to-size  shape  exceeded  the  cylindrical  shape  by  over  5000  pounds 
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Fig.  4. — Fractured  lest  bars 
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per  square  inch.  Although  not  poured  at  the  same  time  from  the 
same  heat,  the  comparison  is  a  fair  one,  because  both  were  poured 
at  the  same  temperature.  It  is  probable  that  where  every  other 
condition  is  the  same  the  cylindrical  shape  will  yield  a  specimen 
from  which  might  be  expected  a  higher  relative  elongation  in 
proportion  to  its  tensile  strength  than  could  be  obtained  from  the 
cast-to-size  shape. 

In  the  three  shapes  representing  the  sixth  series  the  barrel- 
shape  specimen  shows  its  superiority  in  elongation  and  reduction 
of  area  to  either  of  the  other  shapes,  but,  as  might  be  expected, 
was  inferior  in  tensile  strength. 

In  the  sand-cast  specimens  representing  the  seventh  series  the 
same  relative  high  percentage  of  elongation  in  proportion  to  ten- 
sile strength  is  shown  by  the  cylindrial  specimen. 

The  eighth  series  consists  entirely  of  specimens  which  have  been 
submitted  to  heat  treatment.     (See  Sec.  VIII.) 

The  two  specimens  from  the  ninth  series  stand  at  the  beginning 
and  the  completion  of  the  zone  of  favorable  pouring  temperatures, 
and  the  results  obtained  may  be  considered  as  representative. 
Both  were  poured  from  ingot  metal  made  from  turnings'  of  previ 
ously  prepared  specimens  and  contained  no  virgin  metal. 

The  two-  specimens  from  the  tenth  series  were  poured  at  the 
same  temperature  but  in  different  heats.  Both  show  great  uni- 
formity of  extension  from  the  initial  to  the  ultimate  load.  The 
great  difference  in  the  values  obtained  is  probably  explainable  by 
the  inclusions  of  oxide  segregations  or  the  presence  of  inclosing 
oxide  films  about  adjacent  crystals,  which  would  lessen  their 
tensile  strength. 

The  chill  bars  707  and  905,  respectively,  exhibit  the  character- 
istics of  all  the  test  bars  poured  in  this  series  of  tests,  viz,  a  low 
elongation  and  reduction  of  area  corresponding  to  a  high  tensile 
strength. 

(A)  Comparison  With  the  Work  of  Other  Investigators. — In  some 
tensile  tests  of  this  same  type  of  zinc  bronze  recently  reported  to 
the  American  Society  for  Testing  Materials  Mr.  Webbert  found 
for  eight  tests  an  average  tensile  strength  of  38  866  pounds  per 
square  inch  and  25.3  per  cent  elongation;  the  pouring  temperature 
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was  found  to  be  11200  C  (20480  F),  but  his  alloy  contained  1 
ounce  of  15  per  cent  phosphor  copper  for  every  100  pounds  of 
alloy.  While  it  is  not  known  exactly  how  much  such  an  addition 
of  phosphor  copper  will  increase  the  tensile  strength  of  such  an 
alloy,  it  is  well  known  that  other  conditions  being  the  same  it 
would  produce  a  marked  increase  of  the  tensile  strength  and  of  the 
elongation. 

The  same  alloy  made  by  H.  S.  and  J.  S.  G.  Primrose,  cast  in  dry 
sand,  had  a  tensile  strength  of  38  528  pounds  per  square  inch  and 
an  elongation  of  24  per  cent,  whereas  the  18  specimens  cast  flat  at 
the  Bureau  in  dry  sand  at  about  the  same  temperature,  11750  C, 
had  an  average  tensile  strength  of  40  148  pounds  with  an  elonga- 
tion of  20.3  per  cent  and  a  reduction  of  area  of  18.3  per  cent. 
Neither  in  Primrose's  nor  in  the  latter  specimens  was  there  any 
phosphor  copper  used.  It  should  also  be  noted  that  in  the  latter 
specimens  some  20  to  25  per  cent  of  remelted  gates,  sprue  heads, 
and  clean  floor  spillings  were  used,  which  would  have  a  tendency 
to  reduce  the  percentage  of  elongation  and  reduction  of  area 
obtained  without  materially  lowering  the  tensile  strength. 

Primrose's  specimens  were  cylindrical  in  shape,  10  inches  long 
by  1  inch  diameter;  some  portion  of  the  chilled  surface  was  cut 
away  in  reducing  the  specimen  to  the  size  required  for  testing,  and 
the  fact  that  they  were  10  inches  long  as  against  our  4X  inches 
might  increase  his  percentage  of  elongation.  By  affording  the  strain 
an  opportunity  to  be  more  evenly  distributed  would  also  tend  to 
increase  the  elongation. 

As  an  illustration  of  what  a  similar  bar  may  do,  one  of  the  same 
shape  as  his  poured  at  a  temperature  of  12000  C  (21920  F)  flat  in 
green  sand  showed  a  tensile  strength  of  40  500  pounds  per  square 
inch,  an  elongation  of  24.5  per  cent,  and  a  reduction  of  area  of  23 
per  cent.  An  average  of  these  10  tests  shows  that  it  is  possible  to 
obtain  a  tensile  strength  of  about  39  000  pounds  per  square  inch, 
with  a  corresponding  elongation  of  25  per  cent,  if  only  virgin  ingot 
metal  is  used  in  making  the  alloy. 

The  bar  represented  by  specimen  1015  shows  a  result  below  the 
normal.  This  was  the  first  bar  cast  in  the  third  flask  of  the  heat, 
the  bars  cast  in  the  same  flask  giving  an  average  tensile  strength  of 
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34  600  pounds  per  square  inch,  an  average  elongation  of  12.3  per 
cent,  and  an  average  reduction  of  area  of  20.5  per  cent.  This  heat, 
as  its  series  number  indicates,  was  poured  entirely  from  old  gates, 
sprue  heads,  and  floor  spillings,  and  contained  no  new  metal.  It 
was,  therefore,  poured  purely  as  a  "remelt"  test,  and,  as  the  tem- 
perature of  pouring  was  12700  C  (23180  F),  rather  high  for  a 
"remelt"  series  of  tests,  the  low  result  in  elongation  and  reduction 
of  area  is  readily  accounted  for. 

The  bar  represented  by  specimen  1020  was  cast  in  the  fourth 
flask  of  the  same  series,  and  poured  at  the  same  temperature  as 
No.  1015,  but  was  the  last  one  of  the  series  to  be  poured.  The 
average  result  of  the  three  bars  in  that  flask  was  38  900  pounds 
per  square  inch,  17  per  cent  elongation,  and  18.6  per  cent  reduction 
of  area.  As  the  temperature  of  pouring  when  the  fourth  flask  was 
reached  was  considerably  lower  than  that  at  which  the  third  flask 
was  poured,  it  is  evident  that  the  elongation  and  reduction  of  area 
were  influenced  by  the  temperature  at  which  the  specimens  were 
poured.  To  carry  the  comparison  still  further,  the  specimens 
poured  vertically  in  dry  sand  from  the  same  pot  of  metal,  and  at 
virtually  the  same  pouring  temperature,  show  in  all  the  physical 
properties  superior  results  to  the  specimens  poured  flat  in  dry  sand. 

2.  EFFECT  OF  MANNER  OF  MOLDING 

Fig.  5  consists  of  two  diagrams,  one  showing  the  results  of  the 
tensile  tests  of  the  cast-to-size  shape  arranged  according  to  the 
various  methods  of  molding  previously  described.  In  the  casting 
temperature  zone  favorable  to  all  methods  the  bars  cast  vertically 
in  dry  sand  show  the  greatest  uniformity  of  results,  because  no 
doubt  variables  of  sand  conditions  were  less  than  in  other  methods. 
This  is  due  doubtless  also  to  the  more  rapid  filling  up  of  the  mold  in 
pouring  and  to  lack  of  cold  shuts  in  the  casting;  also  to  the 
greater  freedom  with  which  the  gases  evolved  in  pouring  freed 
themselves  from  the  falling  column  of  molten  metal.  The  second 
diagram  shows  the  results  of  the  tensile  tests  for  each  shape  but 
with  all  methods  of  molding  combined.  Through  the  favorable 
range  of  casting  temperatures  for  all  specimens  the  cast-to-size 
shape  is  unmistakably  superior  to  all  other  shapes  in  its  high  range 
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and  comparative  uniformity  of  results.  The  results  for  the  cylin- 
drical and  barrel  shapes  were  also  very  uniform  and  ran  very 
closely  parallel.  As  shown  in  this  diagram,  the  chill  bar,  on  the 
whole,  appears  to  be  superior  in  strength  to  the  two  latter  shapes 
as  cast  in  sand. 

Fig.  6  consists  of  two  diagrams  showing  the  results  of  tensile 
tests  of  the  cast-to-size  shape  and  the  chill  bar.  The  chill  bar  has 
a  tendency  to  both  high  tensile  strength  and  ductility  at  both  the 
lower  and  higher  range  of  casting  temperatures  and  shows  some 
uniformity  of  results  in  the  favorable  casting  zone  of  temperatures 
11200  to  12700  C  (20480  to  23 1 8°  F). 

Fig.  7  consists  of  three  diagrams,  the  upper  one  showing  the 
elongation  in  2  inches  of  all  shapes,  the  middle  one  the  reduction 
of  area  of  the  same,  and  the  lower  one  the  range  of  the  tensile 
strengths  of  the  cylindrical  and  barrel  shapes  at  all  temperatures 
poured,  together  with  the  number  of  tests  made  at  each  tempera- 
ture. It  is  noticeable,  as  might  be  expected,  that  the  elongations 
of  the  chill  bars  at  all  temperatures  except  the  highest,  omitting 
the  last  one,  fall  much  below  those  of  the  sand-cast  specimens, 
although  maintaining  a  uniformity,  which  shows  by  comparison 
that  sand  casting  itself  produces  irregularities  which  are  exceed- 
ingly difficult  to  account  for.  From  the  tests  of  reduction  of  area 
similar  conclusions  may  be  drawn. 

In  the  comparison  of  the  range  of  tests — that  is,  from  low  to 
high  tensile  strength — between  the  cylindrical  and  barrel  shaped 
types  the  former  shows  some  superiority,  although  slight,  especially 
as  to  uniformity,  but  both  agree  in  falling  below  the  normal  average 
at  the  high  temperatures.  This  result  is  due  no  doubt  to  the 
greater  oxidation  and  loss  of  material  by  vaporization  than  when 
poured  at  the  lower  temperatures.  This  is  confirmed  by  the 
results  of  the  microscopic  studies.     (See  Part  II.) 

3.    CHARACTERISTICS  OF  TYPICAL  SAMPLES 

Table  3  contains  the  results  of  the  chemical  analysis,  density, 
and  other  physical  properties  of  further  typical  samples.  As  a 
rule,  the  larger  the  percentage  of  tin  contained  the  denser  the  alloy, 
and  likewise  the  tensil  strength  appears  to  be  greater  with  the 
denser  specimens. 

52437°— 16 5 
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TABLE  3 
Characteristics  of  Typical  Samples 

Shapes:  A=cast  to  size,  B= cylindrical,  C=barrel,  D=chill  cast.  Sand:  F.  D.  S.=poured  flat  in  dry 
sand,  F.  G.  S.=poured  flat  in  green  sand,  V.  D.  S.=poured  vertically  in  dry  sand,  V.  G.  S.=poured 
vertically  in  green  sand,  chill=  poured  in  chill  mold.     Density = grams  per  cubic  centimeter.] 


Test 
bar 


19.. 
213. 
394. 
430. 
561. 
605. 
705. 

810. 

929. 
1011 


Shape 

Sand 

Pour- 
ing 
tem- 
pera- 
ture 

Chemical  analysis 

Tensile 

strength 

Elon- 
gation 

in  2 
inches 

Reduc- 
tion ol 
area 

Cu 

Sn 

Zn 

Pounds 

per 
sq.  in. 

Kilo- 
grams 
per  cm2 

°C 

Perct 

Perct 

A 

F.  G.  S. 

1155 

88.0 

10.2 

1.8 

48  050 

3378 

26.0 

20.0 

A 

F.  D.  S. 

1060 

88.7 

9.3 

2.0 

43  550 

3061 

30.0 

30.5 

A 

V.  D.  S. 

1050 

87.8 

10.35 

1.95 

42  270 

2972 

20.5 

13.5 

A 

V.  D.  S. 

1175 

86.96 

10.91 

2.13 

41  900 

2946 

14.0 

16.0 

C 

F.  G.  S. 

1190 

87.15 

10.0 

2.85 

39  700 

2791 

31.0 

24.5 

A 

F.  D.  S. 

1220 

87.03 

10.42 

2.55 

39  900 

2805 

17.0 

16.2 

A 

V.  G.  S. 

1220 

87.03 

10.40 

2.57 

46  100 

3241 

29.0 

22.6 

A 

f  V.  G.  S. 
i  V.  D.  S. 

J     1120 

86.67 

10.63 

2.70 

44  000 

3093 

20.5 

14.0 

A 

V.  D.  S. 

1255 

86.85 

9.97 

a  18 

39  800 

2798 

15.5 

13.0 

D 

Chill 

1255 

87.29 

9.65 

3.06 

34  000 

2390 

15.0 

12.1 

Density 


8.519 
8.590 
a  378 
8.576 
8.777 

8.730 

8.471 
8.618 


No  appreciable  quantities  of  chemical  elements  other  than  those 
indicated  were  detected. 

One  representative  sample  has  been  chosen  from  each  series, 
bearing  in  mind  the  necessity  of  representing  the  pouring  tempera- 
tures from  the  lowest  to  almost  the  highest  in  what  has  been  found 
to  be  the  zone  of  temperatures  favorable  to  the  securing  of  repre- 
sentative types.  It  should  also  be  remembered  that  the  ninth 
series  is  poured  entirely  from  turnings.  The  tenth  series  is  poured 
from  old  gates,  sprue  heads,  and  floor  spillings  and  is  purely  a 
"remelted"  metal. 

The  percentages  of  copper,  tin,  and  zinc,  which  are  found  in  the 
analyzed  metal,  give  an  indication  of  the  uniformity  and  exactness 
with  which  this  alloy  can  be  expected  to  be  made  up  from  new 
metal  containing  no  scrap  under  the  various  molding  and  casting 
conditions.  The  samples  for  density  were  taken  from  portions  of 
the  sample  not  subjected  to  stress.  It  is  seen  that  the  density 
ranges  from  8.378  to  8.777  an<i  tne  slight  variations  appear  to  be 
associated  with  the  tin  content. 
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An  examination  of  Fig.  6  shows  that  there  is  no  sharp  break  in 
the  stress-strain  curve,  and  that  the  deformation  of  the  bar  takes 
place  so  gradually  and  as  a  rule  so  uniformly  that  the  yield  point 
is  difficult  to  locate,  but  from  the  deformations  indicated  it  may 
be  shown  that  this  limit  ranges  from  1 5  000  to  1 7  000  pounds  per 
square  inch.  The  specifications  of  the  Bureau  of  Steam  Engi- 
neering, United  States  Navy,  for  a  bronze  of  this  description 
require  a  minimum  yield  point  of  1 5  000  pounds  per  square  inch. 
As  an  illustration  of  what  a  good  specimen  can  show,  attention  is 
called  to  test  bar  357,  which  showed  a  definite  yield  point  under  a 
load  of  4000  pounds,  equivalent  to  a  stress  of  20  000  pounds  per 
square  inch.  Many  specimens  having  remarkably  good  physical 
properties  show  a  definite  high  yield  point,  but  in  general  this 
point  can  not  be  defined  with  any  great  degree  of  accuracy. 

5.  MELTING  AND  CRITICAL  RANGES 

The  thermal  curves  are  by  the  inverse  rate  method  of  Osmond 
in  which  the  times  required  for  the  specimen  to  rise  or  fall  equal 
temperature  intervals  are  noted  in  terms  of  the  temperature  or 
dt/d0  vs.  6.  But  instead  of  using  equal  temperature  intervals, 
equal  emf  intervals  were  used,  corresponding  to  approximately 
20  C.  The  specimens,  turned  down  to  about  10  mm  diameter 
and  25  mm  length,  were  tested  in  vacuo  in  a  specially  designed 
and  automatically  regulated  electric  resistance  furnace.13  The 
emf  intervals  were  measured  with  a  platinum,  platinum-rhodium 
thermocouple  and  a  potentiometer,  and  the  time  intervals  were 
measured  to  0.1  second  on  a  cylindrical,  motor-driven  Geneva 
chronograph. 

Table  4  gives  the  results  to  the  nearest  1  °  C  and  are  probably 
accurate  to  better  than  50  C.  It  is  seen  that  the  melting  point, 
about  9800  C  (17960  F),  is  preceded  by  a  transformation  of  con- 
siderable magnitude  at  7800  C  (14360  F),  and  by  a  minute  one  at 
5300  C  (9860  F) ,  which  last  is  apparently  suppressed  sometimes 
after  the  first  heating.     The  first  corresponds  to  the  final  freezing 

"  Bureau  of  Standards  Scientific  Paper  No.  213,  Burgess  and  Crowe. 
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and  separation  of  the  beta  constituent,  the  second  corresponds  to 
the  transformation  of  beta  into  alpha  +  delta.  There  appears 
to  be  no  evidence  of  a  third  transformation  in  this  alloy. 

TABLE  4 
Location  of  Maximum  of  Critical  Ranges  in  Degrees  Centigrade 


Sample 

Run 

Heating 

Cooling 

424 

1st 

845 
o847 

843 
a  847 

792 
e790 

792 
c790 

844 

844 

836 
b  808-832 

898 

424 

2d 

424 

1st.... 
2d 

528 

787 
b 799-785 
789 
789 
787 
787 

424 

490 

1st.... 

2d 

1st.... 

2d 

1st.... 

2d 

1st.... 

2d 

1st. .. 

530 
526 
530 
<*529 
526 

(«) 
518 
516 

/781 
781 
781 

490 

9 

9 

19 

19 

422 

8  978 
982 

A  981 

978 

A  993 

817 

776 
775 
785 

504 

422 

504 

380 

a  Not  so  well  defined  as  on  first  run. 

b  Double  cusp. 

c  Smaller  than  on  first  run. 

d  Very  small. 


'  Disappears  after  first  run. 
/  Small  on  first  run  up. 
a  Melting  point. 
*  Freezing  point. 


The  physical  properties  of  the  specimens  submitted  to  thermal 
analysis  are  as  follows: 

No.  424  was  a  cast-to-size  shape  bar,  poured  at  a  temperature 
of  1 1 750  C  (2 1 470  F).  It  had  a  tensile  strength  of  45  000  pounds 
per  square  inch,  a  yield  point,  determined  by  the  drop  of  the 
beam,  of  19  600  pounds  per  square  inch,  an  elongation  in  2  inches 
of  19  per  cent,  and  a  reduction  of  area  of  13.5  per  cent. 

No.  490  was  a  cylindrical-shaped  bar,  poured  at  a  temperature 
of  13900  C  (25340  F).  It  had  a  tensile  strength  of  14  000  pounds 
per  square  inch,  a  yield  point  (by  drop  of  beam)  of  4500  pounds 
per  square  inch,  an  elongation  in  2  inches  of  1  per  cent,  and  a 
reduction  of  area  of  0.5  per  cent.  Examination  of  the  structure 
exhibited  a  highly  oxidized  mass  of  crystals  and  the  micro- 
structure  showed  that  the  brittle  eutectoid  rich  in  tin  had  not 
been  absorbed  in  the  alpha  solution  but  was  prominently  visible 
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and  interspersed  through  the  alpha  constituent,  hence  the  low 
tensile  strength  of  the  specimen. 

No.  422  was  a  barrel-shaped  specimen,  poured  at  a  temperature 
of  1 1 750  C  (21470  F).  It  had  a  tensile  strength  of  32  000  pounds 
per  square  inch,  an  elongation  in  2  inches  of  11  per  cent,  and  a 
reduction  of  area  of  10  per  cent. 

All  of  the  above  specimens  were  poured  vertically  in  dry  sand. 

No.  380  was  a  cast-to-size  shape  bar,  poured  at  a  temperature 
of  11000  C  (201 20  F).  It  had  a  tensile  strength  of  38  500  pounds 
per  square  inch,  a  yield  point  of  18000  pounds  per  square  inch 
(by  drop  of  beam),  an  elongation  in  2  inches  of  15.5  per  cent, 
and  a  reduction  of  area  of  11.5  per  cent.  Its  microstructure 
showed  an  almost  complete  absorption  of  the  tin-rich  eutectoid 
in  the  alpha  solution.     It  was  poured  vertically  in  dry  sand. 

No.  1 9  was  a  cast-to-size  shape  bar,  poured  at  a  temperature  of 
1 1 550  C  (21  ii°  F).  It  had  a  tensile  strength  of  48050  pounds 
per  square  inch,  a  yield  point  (by  drop  of  beam)  of  29  300  pounds 
per  square  inch,  an  elongation  in  2  inches  of  26  per  cent,  and  a 
reduction  of  area  of  20  per  cent.  The  microstructure  shows  an 
almost  perfect  crystalline  formation,  with  the  tin-rich  eutectoid 
almost  completely  absorbed  in  the  alpha  solution,  and  the  den- 
dritic crystals  uniformly  distributed.  It  was  poured  flat  in  green 
sand. 

No.  9  was  a  large  size  cylindrical  bar,  2  inches  in  diameter, 
poured  at  a  temperature  of  11400  C  (20840  F).  It  had  a  tensile 
strength  of  17  000  pounds  per  square  inch,  an  elastic  limit  of 
14  500  pounds  per  square  inch,  and  an  elongation  in  2  inches  of  1 
per  cent;  reduction  of  area  not  recorded.  The  microstructure 
showed  various  holes  which  indicated  inequality  of  shrinkage 
during  cooling  and  the  formation  of  two  different  solutions  which 
had  separated  out  in  the  slow  cooling  of  the  mass,  which  promoted 
the  separation  out  of  the  tin-rich  eutectoid  and  thus  caused  the 
low  tensile  strength  of  the  specimen.  It  was  poured  flat  in  green 
sand. 

VIII.  HEAT-TREATED  SPECIMENS 

The  eighth  series  cast  was  devoted  to  tests  of  the  action  of 
annealing  and  cooling  slowly,  and  annealing  followed  by  quench- 
ing, in  which  the  bars  were  submitted  to  temperatures  of  5000, 
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6oo°,  and  7000  C  (932 °,  1 1 120,  and  12920  F).  The  tensile  strength 
was  not  materially  affected  by  such  treatment,  but  as  to  ductility 
there  was  great  increase  in  elongation  and  corresponding  reduction 
of  area  after  submitting  the  samples  to  temperatures  between  600 
and  7000  C  (11 1 20  and  12920  F).  Fig.  9  shows  graphically  the 
results  of  such  treatment.  In  the  case  of  annealed  bars  superior 
results  were  obtained  both  for  sand  cast  and  chill  cast  bars  in 
the  temperature  range  from  700  to  8oo°  C  (12920  to  14720  F). 
In  the  quenched  bars,  sand  cast,  superior  results  were  obtained  in 
the  temperature  range  from  6oo°  to  7000  C  (11120  to  12920  F). 
With  annealed  bars  the  results  agree  very  well  with  those  obtained 
by  H.  S.  and  J.  S.  G.  Primrose 14  but  with  the  results  obtained 
from  the  quenched  bars  are  not  concordant  with  theirs. 

No.  802  (see  Fig.  4)  was  heated  to  7000  C  (12920  F)  and  held  at 
this  constant  temperature  for  30  minutes  in  a  gas  muffle  furnace 
and  then  allowed  to  cool  in  the  muffle  for  24  hours  to  room  tem- 
perature. The  eutectoid,  indicated  in  a  few  places  by  minute 
white  crystals,  has  been  almost  completely  absorbed  by  the  alpha 
or  copper-rich  constituent  during  the  annealing.  This  in  turn 
has  recrystallized  for  a  depth  of  ts  inch  on  the  outside  of  the 
specimen.  The  large  increase  in  the  elongation  and  reduction 
of  area  is  probably  due  to  the  absorbed  solution  of  the  eutectoid 
rather  than  to  the  recrystallization. 

No.  814  (see  Fig.  4  for  appearance  of  specimen  after  fracture)  was 
poured  flat  in  dry  sand  at  a  temperature  of  12550  C  (2291  °  F), 
cast-to-size  shape,  heated  to  7000  C  (12920  F),  held  30  minutes 
at  that  temperature,  and  cooled  in  furnace  for  24  hours.  The 
surface  layer  appeared  to  be  well  annealed,  the  annealing  extend- 
ing in  for  a  distance  of  tV  inch.  The  microscopic  examination 
shows  the  metal  to  have  been  completely  recrystallized  into  the 
characteristic  polyhedral  crystals  of  bronze. 

A  study  of  the  specimens  submitted  to  heat  treatment  in  com- 
parison with  others  which  have  not  been  subjected  to  such  treat- 
ment show  that  due  either  to  recrystallization  or  to  the  absorption 
of  the  beta  formation  by  the  alpha  formation  to  form  one  solid 
homogeneous  solution  there  is  a  marked  increase  in  the  values  of 

M  Jour.  Inst,  of  Metals,  1913,  p.  164. 
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the  elongation  and  the  reduction  of  area  without  a  change  of  any 
magnitude  in  the  tensile  strength.  The  removal  or  absorption  of 
the  brittle  constituent  seems  to  make  the  bars  so  treated  much 
more  uniform  in  their  physical  properties  and  would  indicate  by 
analogy  that  commercial  castings  themselves  when  submitted  to 
such  treatment,  where  such  treatment  is  feasible,  would  be  greatly 
improved  in  character.  It  is  also  surmised  that  such  treatment 
would  tend  to  protect  such  castings  from  hydraulic  failure  by  clos- 
ing the  grain  and  lessening  the  interstices  or  voids  between  the 
crystals  and  by  limiting  the  crystallization  to  a  form  and  compact- 
ing the  mass  of  crystals  to  an  extent  which  would  render  them 
less  susceptible  to  hydraulic  failure.  Experiments  are  to  be  con- 
ducted in  the  near  future  to  test  the  truth  of  the  hypothesis. 

IX.  CHOICE  OF  TEST  SPECIMENS 

In  general,  the  test  piece  should  correspond  to  the  type  of  casting 
so  as  to  be  representative  of  the  principal  physical  properties  of 
the  latter. 

Where  it  is  desirable  to  obtain  a  knowledge  of  the  physical  prop- 
erties of  a  casting  made  in  sand,  the  test  bar  should  be  cast  in 
sand,  at  approximately  the  same  time  and  from  the  same  heat. 
Judging  from  the  experiments  made  at  the  Bureau  it  is  possible 
to  secure  specimens  cast  to  size  in  sand  and  poured  within  a  range 
of  temperatures  [from  11200  to  12700  C  (20480  to  23180  F),  which 
will  have  a  tensile  strength  of  37  000  pounds  per  square  inch,  an 
elongation  of  15  per  cent  in  2  inches,  and  a  reduction  of  area  of 
14  per  cent;  and  under  regular  foundry  practice,  using  similar 
materials  and  under  similar  conditions,  such  a  test  bar  might  be 
expected  to  have  a  tensile  strength  of  33  000  pounds  per  square 
inch,  an  elongation  of  14  per  cent  in  2  inches,  and  a  reduction 
of  area  of  13  per  cent.  But  if  a  bar  of  similar  character  be  sub- 
mitted to  heat  treatment — that  is,  heated  at  6oo°  C  (11120  F)  in 
a  furnace  for  30  minutes  and  quenched  or  allowed  to  cool  in  the 
furnace  to  normal  temperature — it  might  be  expected  to  show  a 
tensile  strength  of  36  000  pounds  per  square  inch,  an  elongation 
of  25  per  cent  in  2  inches,  and  a  reduction  of  area  of  24  per  cent. 

The  properties  of  a  chill  bar  are  not  those  of  the  casting,  but 
can  be  made  to  approach  it  very  closely  by  proper  heat  treatment; 
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but  if  the  casting  is  to  be  made  in  a  chill  mold,  the  test  bar  corre- 
sponding to  the  same  heat  should  also  be  made  in  a  chill  mold, 
preferably  an  open  one,  as  in  accord  with  ordinary  foundry  prac- 
tice. The  tensile  strength  of  a  chill-cast  bar  is  not  favorably 
influenced  by  heat  treatment,  but  its  ductility  is  considerably  in- 
creased; so  that  if  a  chill-cast  bar  first  be  annealed  or  quenched 
at  a  temperature  of  about  6oo°  C  (11120  F)  so  as  to  restore  its 
crystalline  structure  to  a  state  resembling  that  of  the  sand-cast 
specimen,  there  may  be  expected  of  it  a  tensile  strength  of  30  000 
pounds  per  square  inch,  an  elongation  of  16  per  cent  in  2  inches, 
and  a  reduction  of  area  of  15  per  cent,  which  closely  approximates 
that  of  the  sand  cast-to-size  bar  not  heat  treated.  The  chill  bar 
so  treated  may  properly  be  referred  to  as  a  normalized  chill  bar. 
The  heat  treatment  of  such  bars  may  be  performed  in  a  simple 
manner,  by  making  use  of  a  gas  muffle  furnace,  in  which  the  bars 
are  placed  and  heated  for  30  minutes  to  a  temperature  of  600  °  C 
(11 120  F),  measured  by  a  thermocouple  pyrometer,  and  either 
allowed  to  cool  down  in  the  furnace  for  24  hours  to  normal  tem- 
perature or  immediately  quenched. 

X.  SUMMARY  AND  CONCLUSIONS 

1.  The  best  type  of  test  bar  where  the  metal  is  to  be  cast  into 
sand  is  the  cast-to-size  shape.  If  the  metal  be  poured  within  the 
range  11200  to  12700  C  (2048 °  to  231 8°  F),  greater  uniformity 
of  tensile  strength  and  ductility  may  be  secured. 

2.  It  was  anticipated  at  the  beginning  of  these  investigations 
that  some  one  temperature  would  be  found  at  which  the  best  and 
most  uniform  results  as  to  the  two  important  physical  properties — 
tensile  strength  and  ductility — would  be  obtained,  but  the  series 
of  tests  showed  that  instead  of  one  such  temperature  there  was  a 
zone  of  temperatures,  viz,  11200  to  12700  C  (2048°  to  231 8°  F), 
at  which  good  results  might  be  expected  anywhere  within  that 
favorable  zone  of  pouring  temperatures. 

3.  The  kind  of  mold  to  be  recommended  is  a  dry-sand  mold, 
which  should  be  poured  either  flat  or  vertical.  The  first  method 
is  more  economical  of  time  and  labor,  but  has,  however,  no  su- 
periority over  the  vertical  pouring  in  the  matter  of  technical 
results. 
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4.  The  results  of  the  chill  and  best  sand  cast  test  bar  are  of 
almost  equal  value  if  the  chill  bar  be  annealed  at  temperatures 
ranging  from  5000  to  7000  C  (9320  to  12920  F),  but  otherwise  the 
former  is  inferior  to  the  sand  cast-to-size  shape  as  a  representative 
test  bar. 

The  advantages  of  the  chill  bar  are  that  there  are  no  molding 
requirements  and  that  it  can  be  poured  by  unskilled  labor.  Its 
disadvantages  are  that  it  is  expensive  to  machine  into  shape  and 
size  required  for  testing,  and  it  gives  results  both  as  to  tensile 
strength  and  ductility  that  are  misleading. 

The  advantages  of  the  cast-to-size  shape  are  that  it  is  easy  to 
mold  and  inexpensive  to  machine  into  the  shape  and  size  required 
for  testing.  From  the  results  obtained  it  is  believed  to  be  the 
form  which  should  be  adopted  as  standard  for  general  foundry 
practice. 

5.  Heat  treatment  is  productive  of  increased  ductility,  and  has 
a  marked  effect  on  the  deformation  produced  by  continuously 
increasing  loads  on  specimens  annealed  in  the  temperature  zone  of 
6oo°  to  7000  C  (11 120  to  12920  F),  which  is  in  accord  with  the 
results  of  other  observers. 

6.  As  an  alternative  for  the  sand-cast  specimen,  if  one  prefers 
to  work  with  a  chill-cast  specimen,  as  is  the  case  in  some  foundries, 
the  results  show  for  the  few  observations  taken  that  when  annealed 
between  a  temperature  range  of  5000  to  7000  C  (932 °  to  i292°F) 
a  normalized  chill  bar  is  secured  which  is  comparable  to  the  sand 
cast-to-size  shape.  The  specimens  annealed  and  quenched  offer 
no  appreciable  superiority  to  the  specimens  annealed  and  cooled 
slowly. 

7.  The  average  density  of  sand-cast  specimens  is  about  8.58  and 
of  chill  cast  about  8.6. 

8.  The  elastic  limit  of  this  zinc  bronze  varies  from  15  000  to 
17  000  pounds  per  square  inch. 

9.  The  cooling  curves  show  that  the  melting  point  of  the  alloy 
is  about  9800  C  (17960  F)  and  that  there  is  a  pronounced  transition 
point  at  7800  C  (14360  F)  and  another  feeble  one  at  5300  C  (9860  F) . 

10.  In  Table  5  is  recorded  a  summary  of  all  the  results  obtained 
for  physical  properties  arranged  in  terms  of  the  type  of  casting. 
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TABLE  5 
General  Averages  of  all  the  Observations  Taken 


Number 
oS  bars. 


Shape 


Tensile  strength 


Pounds 

per 
square 

inch 


Kilogram 

per 
square 
centi- 
meter 


Elonga- 
tion in 
2  inches 


Reduc- 
tion ot 
area 


217 
161 

95 
88 
21 
16 
5 


Cast  to  size 
Cylindrical 
Barrel 

Chill  cast 

Sand  cast,  annealed . 
Sand  cast,  quenched 
Chill  cast,  annealed . 


37  369 
32  832 
32  029 
36  512 

38  190 

39  810 
31  160 


2662 
2308 
2252 
2567 
2685 
2798 
2190 


Per  cent 
15.5 
14.9 
14.2 
6.3 
27.0 
26.9 
17.0 


Per  cent 

14.7 
13.9 
13.8 
6.9 
26.0 
24.2 
16.7 


In  all  of  the  above  it  is  to  be  borne  in  mind  that  only  pure  cop- 
per, tin,  and  zinc  have  been  used,  and  the  results  obtained  are 
characteristic  of  variations  in  foundry  practice  on  virgin  metal  only 
once  or  twice  melted  except  as  noted  in  the  text.  The  presence  of 
scrap  containing  small  amounts  of  lead,  manganese,  iron,  and  other 
ingredients  which  might  influence  the  results  of  the  tests  with  a 
standard  bar  are  thus  eliminated. 

11.  As  a  supplement  to  these  experiments,  there  is  being  car- 
ried out  under  the  auspices  of  the  advisory  committee  on  nonfer- 
rous  metals  to  the  Bureau  of  Standards  a  series  of  comparative 
foundry  tests  by  several  members  of  this  committee  in  cooperation 
with  the  Bureau  of  Standards,  using  identically  prepared  metal 
ingots,  prepared  by  one  of  the  committee,  to  determine  what  uni- 
formity of  results  may  be  obtained  by  different  founders  in  the 
preparation  of  test  specimens  of  this  alloy  as  judged  by  the  usual 
physical  tests. 

For  the  work  above  described,  the  physical  determinations  were 
made  by  R.  P.  Devries  and  E.  L.  Lasier;  the  microscopic  exami- 
nations by  H.  S.  Rawdon;  and  the  thermal  analysis  by  J.  J.  Crowe, 
and  to  all  of  these  gentlemen  the  author  is  deeply  indebted  for 
their  interest  and  cooperation  in  this  investigation.  The  foundry 
operations  were  carried  out  in  the  Pittsburgh  laboratories  of  the 
Bureau  of  Standards,  and  here  also  the  very  considerable  labor 
of  preparing  the  test  pieces  was  executed. 

Washington,  March  27,  191 5. 
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Appendix  A.— SUGGESTED  SPECIFICATIONS  FOR  THE  PREP- 
ARATION OF  STANDARD  ZINC  BRONZE  (Cu  88,  Sn  10,  Zn  2) 
TEST  BARS 

,     MIXING  AND  MELTING 

Weigh  out  the  required  quantities  of  electrolytic  copper,  Straits  tin,  and  Horsehead 
zinc. 

Cover  the  bottom  of  the  crucible  with  pieces  of  charcoal  about  the  size  of  a  hickory 
nut.  Put  in  all  the  copper  the  crucible  will  hold,  and  cover  the  surface  with  small 
pieces  of  charcoal  (no  dust).  Should  the  crucible  not  have  the  capacity  to  contain 
all  of  the  copper  charge,  heat  the  charge  contained  until  one  or  two  of  the  pieces  of 
copper  are  melted,  crowd  the  remainder  down  into  the  molten  mass,  and  add  the 
remaining  copper,  bring  the  whole  charge  into  a  molten  state,  then  add  the  tin,  stirring 
the  whole  thoroughly  with  an  Acheson  graphite  rod  stirrer,  and  after  previously  heating 
the  zinc,  add  the  amount  of  zinc  weighed  out  and  stir  thoroughly.  Keep  the  pot 
covered  with  a  graphite  cover  during  the  melting  period.  After  adding  the  zinc 
allow  the  whole  charge  to  come  to  a  good  melting  heat,  denoted  by  the  play  of  zinc 
flames  over  the  surface  or  at  the  edge  of  the  surface  adjoining  the  crucible.  Remove 
the  pot  from  the  fire  and  take  the  pouring  temperature  with  a  thermocouple.  Pour 
the  metal  at  any  temperature  between  11200  and  12700  C  (204S0  and  23180  F),  but 
note  the  temperature  at  which  the  bars  are  poured.  Use  P-Pt  Ir  or  P-Pt  Rh 
(10  per  cent)  thermocouple  protected  by  a  fused  silica  tube  or  an  equivalent  pyrometric 
method  of  determining  the  pouring  temperature.  When  using  platinum-rhodium 
couples  add  five-tenths  of  the  temperature  recorded  at  the  cold  junction  to  tempera- 
ture reading  of  millivoltmeter  for  the  corrected  pouring  temperature,  or  0.75  when 
using  a  platinum-iridium  couple. 

MOLDING 

Use  any  good  molding  sand  equal  to  Albany  No.  2.  If  green  sand  be  used,  the 
moisture  content  should  not  exceed  12  per  cent.  If  dry  sand  be  used,  face  the  mold 
with  a  layer  of  sand  equal  in  fineness  to  No.  co  Crescent  sand,  tempered  with  molasses 
water.  When  the  mold  is  finished  spray  the  molds  and  runners  and  pouring  gate 
with  molasses  water,  and  dry  each  flask  before  the  drying  oven  until  the  deepest 
pattern  or  feeding  gate  is  completely  dry.  Allow  the  mold  to  cool  to  room  temperature 
before  being  poured.  Pick  the  vent  holes  with  a  fine  needle  in  every  one  of  the 
bulb  reservoir  feeders. 

GATING 

Put  not  less  than  three  patterns  of  cast-to-size  shape  in  each  flask,  gated  as  shown  in 
Fig.  1,  c. 
42 
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POURING 

Skim  the  pot  carefully  before  pouring  and  hold  back  dross  and  scoriae  with  the 
skimmer  as  much  as  possible  before  pouring.  Pour  steadily  with  a  stream  that  will 
just  about  half  fill  the  runner,  and  not  large  enough  to  choke  the  bore  of  the  runner,  so 
as  to  allow  the  bulk  of  the  gases  carried  down  by  the  pouring  stream  to  escape  upward 
through  the  space  left  in  the  runner  and  the  pouring  head.  With  every  heat  pour 
a  wedge-shaped  chill  bar  about  13  inches  long  by  1%  inches  deep  by  1%  inches  wide 
on  top.  Always  pour  the  chill  bar  nearly  fiat  and  from  the  same  end.  Each  chill 
will  make  three  test  bars.  Always  begin  the  numbering  of  the  chill  bars  from  the 
pouring  end. 

The  size  of  the  cast  specimen  in  the  rough  should  be  $%  inches  long,  y%  inch  diameter 
at  center,  and  13/16  inch  diameter  at  threaded  ends. 

The  size  of  the  finished  specimen  should  be,  length  over  all,  4^  inches,  length  of 
center  section  2  inches  between  gage  points,  size  of  threaded  ends  J^  inch  diameter 
by  1  inch  long,  length  of  each  fillet  %  inch,  diameter  of  center  section  0.505  inch. 

Appendix   B.— COMPARISON    WITH    NAVY    SPECIFICATIONS 

The  Navy  specifications  call  for  a  tensile  strength  of  30  000  pounds  per  square  inch 
and  an  elongation  of  15  per  cent.  A  comparison  of  the  tests  of  the  zinc-bronze  bars 
with  these  requirements  are  shown  in  the  accompanying  table. 

TABLE  6 


Percentage 
of  bars 
meeting 

Navy 
require- 
ments 


Percentage 

oithe 

remainder 

coming 

within  10 

per  cent  ot 

same 


Percentage 
meeting 

only 
require- 
ments 
of  tensile 
strength 


Cast  in  sand : 

Cast-to-size  shape 

Cylindrical  shape 

Barrel  shape 

Cast-to-size  shape  annealed. 

Cast-to-size  shape  quenched 
Cast  in  chill  mold: 

Chill  bar 

Chill  bar  annealed 


53.0 
52. 8 
42.1 
100.0 
100.0 

4.5 
100.0 


27.0 
27.7 
10.0 


89.8 
73.3 
66.0 


87.5 


If  one  considers  the  tensile  strength  alone,  it  will  be  found  that  all  of  the  test 
shapes  and  methods  might  be  considered  satisfactory,  but  the  requirements  for 
elongation  are  so  rigid  that  only  when  the  bar  or  the  casting  to  which  it  refers  is 
submitted  to  heat  treatment  is  one  able  to  meet  these  requirements;  also  this  treat- 
ment restores  the  metal  to  its  natural  state  and  true  condition  and  thus  develop  fully 
the  physical  properties  of  which  it  is  capable. 

If  we  study  the  effect  of  heat-treating  test  bars  at  the  various  temperatures  of  5000, 
6oo°,  7000,  and  8oo°  C  (9320,  11120,  12920,  and  14720  F),  for  a  period  of  30  minutes, 
followed  either  by  slow  cooling  in  the  muffle  furnace  to  normal  temperature  or  by 
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quenching  in  water,  it  is  found  that,  whereas  the  tensile  strength  is  not  greatly 
increased,  the  elongation  and  reduction  of  area  are  increased  to  a  remarkable  extent. 
The  range  of  temperature  from  7000  to  8oo°  C  (12920  to  14720  F)  appears  to  be  the 
most  favorable  in  securing  the  greatest  increase  in  such  properties. 

In  order  to  write  a  specification  for  the  physical  properties  of  a  zinc  bronze  that 
would  not  be  too  difficult  of  fulfillment,  without  detriment  to  the  public  service,  it 
is  necessary  to  consider  what  may  be  reasonably  expected  of  such  a  metal  alloy  as 
zinc  bronze.  It  may  readily  be  seen  from  the  experimental  work  cited  that  a  tensile 
strength  of  30  000  pounds  per  square  inch  is  not  an  unreasonable  requirement. 

With  reference  to  the  elongation  desired,  it  is  found  that  15  per  cent  is  difficult 
to  obtain  for  specimens  that  represent  small  castings,  because  such  castings,  owing  to 
their  small  sectional  area,  receive  an  initial  chill  which  materially  lowers  the  amount 
of  possible  elongation,  and  for  such  a  casting  the  cast-to-size  shape,  on  account  of  its 
relatively  small  sectional  area,  is  naturally  a  representative  type  of  test  bar  and 
should  be  chosen,  but  it  is  open  for  consideration  whether  15  per  cent  elongation 
for  such  a  specimen  is  not  too  severe  to  be  expected  in  the  course  of  ordinary  practice. 
In  all  probability  14  per  cent  elongation  and  13  per  cent  reduction  of  area  is  all  that 
may  reasonably  be  expected  for  this  alloy  when  the  casting  to  be  tested  has  a  large 
sectional  area  in  proportion  to  its  mass.  If  the  sample  be  poured  within  the  normal 
range  of  temperatures — that  is,  from  11150  to  12600  C,  inclusive  (20390  to  23000  F) — 
the  tensile  strength  of  30  000  pounds  per  square  inch  is  not  difficult  to  secure,  and  it 
is  possible  in  a  majority  of  cases  to  obtain  an  elongation  of  15  per  cent  and  a  reduction 
of  area  of  14  per  cent,  and  for  such  castings  a  cylindrical  shape  may  be  chosen. 

If  a  casting  is  to  be  chill  cast,  while  it  is  very  easy  to  secure  a  tensile  strength  of 
30000  pounds  per  square  inch,  it  is,  on  the  other  hand,  impossible  to  secure  an 
elongation  of  15  per  cent;  in  fact,  an  elongation  of  4.5  per  cent  would  be  a  fair  equiva- 
lent for  such  a  casting.  This  is  because  the  initial  stress  is  so  great  as  to  almost 
completely  destroy  the  property  of  elongation.  Now,  if  a  chill  bar  is  submitted  to  a 
proper  heat  treatment,  either  annealing  or  annealing  and  quenching  as  above 
described,  it  is  quite  possible  to  obtain  and  reasonable  to  expect  an  elongation  of 
15  per  cent. 

Hence  from' the  above  considerations  it  is  fair  to  conclude  that  for  small  castings  a 
tensile  strength  of  30  000  pounds  per  square  inch  with  an  elongation  in  2  inches  of 
14  per  cent  and  a  corresponding  reduction  of  area  of  13  per  cent  may  be  required 
when  using  a  cast-to-size  shape  test  bar;  for  large  castings,  30  000  pounds  per  square 
inch  tensile  strength,  15  per  cent  elongation  in  2  inches,  reduction  of  area  14  per 
cent;  for  chill  castings,  untreated,  30  000  pounds  per  square  inch  tensile  strength, 
elongation  4.5  per  cent,  reduction  of  area  4  per  cent;  and  for  chill  castings,  heat 
treated,  the  same  tensile  strength,  an  elongation  of  15  per  cent,  and  a  reduction  of 
area  of  14  per  cent. 

Appendix  C— AMERICAN  SOCIETY  FOR  TESTING  MATERIALS 

PROPOSED  STANDARD   SPECIFICATIONS  FOR  THE  ALLOY— COPPER  88 
PER  CENT,  TIN  10  PER  CENT,  ZINC  2  PER  CENT 

1.  (a)  These  specifications  cover  the  alloy  commercially  known  as  Government 
bronze,  Admiralty  gun  metal,  gun  metal,  or  88-10-2  mixture,  when  used  in  castings. 

(6)  It  is  recommended  that  this  alloy  shall  not  be  used  where  castings  are  subjected 
to  a  temperature  exceeding  2600  C  (5000  F). 
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I.  MANUFACTURE 

2.  The  alloy  may  be  made  by  any  approved  method. 

II.  CHEMICAL  PROPERTIES  AND  TESTS 

3.  The  alloy  shall  conform  to  the  following  requirements  as  to  chemical  composition: 

Per  cent. 

Copper 87-89 

Tin 8-n 

Zinc 1-3 

4.  (a)  The  sample  for  chemical  analysis  may  be  taken  either  by  sawing,  drilling, 
or  milling  the  casting  or  tension  test  specimen  and  shall  represent  the  average  cross 
section  of  the  piece. 

(6)  The  saw,  drill,  cutter,  or  other  tool  used  shall  be  thoroughly  cleaned.  No 
lubricant  shall  be  used  in  the  operation  and  the  sawdust  or  metal  chips  shall  be  care- 
fully treated  with  a  magnet  to  remove  any  particles  of  iron  derived  from  the  tools. 

III.  PHYSICAL  PROPERTIES  AND  TESTS 

5.  The  alloy  shall  conform  to  the  following  minimum  requirements  as  to  tensile 
properties: 

Tensile  strength,  pounds  per  square  inch. t>3  000 

Elongation  in  2  inches,  per  cent 14 

6.  (a)  The  test  bars  of  the  form  and  dimensions  shown  in  Fig.  1  shall  be  an  integral 
part  of  large  castings,  or  cast  separately  in  the  case  of  small  castings  to  represent  a 
lot  or  melt,  and  shall  be  molded  in  a  manner  similar  to  the  castings  which  they  repre- 
sent. If  the  castings  are  heat  treated,  the  test  bars  representing  such  castings  shall 
be  similarly  heat  treated. 

(b)  The  manufacturer  and  purchaser  shall  agree  whether  test  bars  can  be  attached 
to  castings,  on  the  location  of  the  bars  on  the  castings,  on  the  castings  to  which  bars 
are  to  be  attached,  and  on  the  method  of  casting  unattached  bars.  Unless  otherwise 
agreed  upon  the  minimum  lot  shall  be  considered  as  500  pounds. 

(c)  The  tension  test  specimen,  turned  down  from  test  bar  shown  in  Fig.  1,  shall  be 
of  the  form  and  dimensions  shown  in  Fig.  2. 

Note. — Fig.  1  above  is  understood  to  be  the  same  as  Fig.  1  (a),  p.  147  of  Vol.  XIV, 
Proceedings,  1914,  Part  II:  Fig.  2  standard  2  by  %  inch  threaded  specimen. 

7.  (a)  Two  tension  tests  shall  be  made  from  each  lot  or  melt. 

(b)  If  any  test  specimen  shows  defective  machining  or  develops  flaws,  it  may  be 
discarded,  in  which  case  the  manufacturer  and  the  purchaser  or  his  representative 
shall  agree  upon  the  selection  of  another  specimen  in  its  stead. 

IV.  INVESTIGATION  OF  CLAIMS 

8.  If  the  purchaser's  tests  show  that  the  material  does  not  conform  to  the  require- 
ments specified  in  section  3,  the  manufacturer  shall  have  the  opportunity  to  inspect 
the  material  and  each  party  shall  select  a  sample  for  retest.     If  the  results  do  not  agree, 

-each  shall  select  a  sample  to  be  final.     The  costs  of  retests  shall  be  paid  by  the  loser. 


Part  II.— MICROSTRUCTURE 


I.  INTRODUCTION 

Note. — The  work  herein  described  constitutes  a  part  of  the  study  of  the  properties 
of  the  standard  zinc  bronze  (Cu  83,  Sn  10,  Zn  2),  the  preparation  of  which  has  been 
described  in  Part  I.  The  specimens  here  used  are  referred  to  by  the  same  numbers 
that  are  there  assigned  to  them. 

The  various  properties  of  any  heterogeneous  material  depend 
primarily  upon  the  properties  of  the  units  of  which  it  is  composed 
and  the  method  by  which  these  constituents  are  joined  together. 
Alloys  are  no  exception  to  this  rule.  Most  of  the  commercial 
alloys  are  fairly  complex  in  their  make-up  and  are  composed  of 
units,  the  different  classes  of  which  are  often  of  widely  differing 
properties.  The  fact  that  the  units  out  of  which  the  metal  or 
alloy  is  built  are  generally  of  microscopic  proportions  often  leads 
to  their  being  overlooked  and  underestimated.  Besides  the  con- 
stituents expected  to  be  present,  from  a  knowledge  of  the  chemical 
composition,  various  inclusions  or  contaminations,  not  added 
intentionally,  often  have  an  important  bearing  on  the  properties 
of  the  alloy  and  its  behavior  in  service.  A  knowledge  of  the 
physical  structure  of  any  alloy,  the  characteristic  features  of  each 
class  of  structural  units,  and  the  method  by  which  the  final 
product  is  built  up  out  of  these  is  the  best  foundation  for  a  rational 
understanding  of  the  properties  of  the  alloy  and  its  probable 
behavior  under  varying  service  conditions. 

II.  THE  EQUILIBRIUM  DIAGRAM 

Any  alloy  is  most  conveniently  and  properly  studied  by  refer- 
ring it  to  its  place  in  the  proper  series  and  regarding  it  as  one  of  a 
family  rather  than  an  isolated  individual.  By  this  means  any 
change  in  properties  resulting  from  changes  in  composition  may 
be  studied  systematically  rather  than  at  haphazard.  The  so- 
called   equilibrium   diagram   represents   concisely   the   structures 
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existing  as  a  result  of  varying  composition  and  the  structural 
changes  resulting  from  variations  in  temperature.  For  purposes 
of  reference,  a  portion  of  the  equilibrium  diagram  of  the  copper- 
tin  alloys  is  reproduced.  This  is  one  of  the  most  complex  of  the 
structural  diagrams  of  the  technical  alloys,  but  fortunately  the 
alloy  under  consideration  lies  well  within  the  less  complex  part. 

In  spite  of  the  great  amount  of  study  the  alloys  of  copper  and 
tin  have  received,  there  is  still  no  well-defined  agreement  as  to 
many  of  the  percentage  compositions  which  mark  the  boundaries 
of  the  different  structural  fields;  the  limit  of  the  a  solution  varies 
from  5  per  cent  in  Giolitti's  15  diagram  to  13  per  cent  in  Shep- 
herd's 16.  The  percentages  shown  are  given  by  Gulliver  17  and 
represent  conditions  of  equilibrium,  obtained  either  by  excessively 
slow  cooling  of  the  molten  alloy  or  by  reheating  an  alloy  which 
solidified  by  cooling  at  an  ordinary  rate. 

Any  point  of  the  diagram  represents  the  structure  of  the  alloy 
at  the  temperature  corresponding  to  the  composition  represented 
by  that  point.  Above  the  line  ABC the  diagram  repre- 
sents the  alloy  in  the  molten  state,  below  Aab the  alloy 

is  solid.  Between  the  two,  both  solid  and  liquid  exist,  and  in 
passing  through  the  corresponding  temperature  range  the  alloy 
solidifies  or  melts  according  to  whether  it  is  being  heated  or 
cooled.  The  diagram  shows  in  a  general  way  the  effect  of  addi- 
tions of  tin  upon  the  melting  point  of  copper. 

Alloys  of  a  composition  between  the  points  A  and  a'  consist  of 
but  one  constituent — the  a  bronze,  which  is  a  solid  solution  of 
the  two  elements,  the  copper  predominating;  at  a'  (13  per  cent 
Sn  approximately)  a  second  constituent  appears  and  grows  in 
amount  as  the  tin  is  increased  until  at  28  per  cent  (approximately) 
the  entire  alloy  consists  of  this  second  constituent.  The  prop- 
erties of  alloys  lying  between  a'  and  d  will  depend  largely  then 
upon  the  relative  amounts  of  these  two  structural  units. 

The  addition  of  small  quantities  of  zinc  does  not  materially  alter 
the  structure  of  the  alloy  under  consideration.  The  copper-rich 
alloys  of  copper  and  zinc— i.  e.,  in  the  a  field —  are  indistinguish- 

»  Giolitti  and  Tavanti,  Gazetta  Chimie,  38,  p.  209, 1908. 

16  Shepherd  and  Blough,  Jour.  Phy.  Chemistry,  p.  515. 1906. 

17  Gulliver.  Metallic  Alloys,  p.  249. 
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able  microscopically  ordinarily  from  the  corresponding  ones  of  the 
copper-tin  series.     In  speaking  of  the  microstructure  of  the  copper- 


Fig.  io. — Structural  equilibrium  diagram  of  copper  and  tin 

rich   kalchoids,    Hoyt18   emphasizes   the   fact   that   the    "micro- 
structure  of  the  ternary  alloys  corresponds  very  closely  to  that  of 

13  S.  L.  Hoyt.  Jour.  Inst.  Metals.  1913,  no.  2.  vol.  X,  p.  23s. 
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the  two  binary  systems."  The  zinc  aids  materially  in  the  prepa- 
ration of  the  alloy  by  its  deoxidizing  effect  upon  any  oxides  of  tin 
or  copper  which  may  be  present  and  causes  the  metal  to  be  more 
fluid  and  thus  flow  more  easily.  Any  excess  of  zinc  present  most 
probably  exists  in  solution  in  the  a  constituent  of  copper  and  tin. 
Fig.  1 1  shows  that  portion  of  the  copper-zinc  diagram  containing 
the  alloys  rich  in  copper.  They  are  simpler  than  the  copper-tin 
alloys;  the  a  field  extends  over  a  much  greater  part  of  the  series. 
If  we  adopt  Guillet's  suggestion  19  of  the  "  fictitious  value"  of  an 
element  we  may  regard  the  small  percentage  of  zinc  added  as 
equivalent  in  effect  to  a  certain  amount  of  tin  in  excess  of  what 
was  actually  added.  Guillet  has  determined  experimentally  that 
tin  has  a  "coefficient  of  equivalence"  of  2,  with  respect  to  zinc  as 
unity.  Using  the  method  suggested  by  Guillet,  the  88-10-2  alloy 
is  equivalent  in  structure  to  a  copper-tin  alloy  containing  1 1 . 1  per 
cent  tin.  If  this  suggestion  is  followed,  as  an  approximation,  for  the 
study  of  the  ternary  alloys  of  copper,  tin,  and  zinc  which  are  low  in 
zinc,  it  is  unnecessary  to  depend  on  the  ternary  diagram  of  the 
series. 

III.  STRUCTURE  OF  THE  CAST  ALLOY 

The  structure  of  the  alloy  after  solidification  and  before  receiving 
any  treatment,  thermal  or  mechanical,  is  represented  in  Fig.  13, 
A  and  B.  The  structure  here  shown  is  that  of  specimen  19,  which 
was  used  for  the  determination  of  the  melting  range  and  the  thermal 
critical  points.  For  the  determination  of  these  it  was  cooled 
slowly  in  a  Heraeus  platinum  furnace.  The  very  slow  cooling 
accounts  for  the  coarseness  of  the  structure  and  also  shows  the 
practical  impossibility  of  obtaining  a  homogeneous  alloy  directly 
upon  solidification. 

The  matrix  of  the  alloy  shown  is  the  a  solution  of  zinc  and  tin  in 
copper  and  shows  a  fernlike  or  dendritic  pattern.  The  cores  of  the 
individual  branches  or  fingers  are  the  portions  very  rich  in  copper 
and  the  tin  content  increases  as  the  outer  portion  of  the  "  finger  " 
is  reached ;  in  the  angles  between  the  interlocking  branches  are  the 
angular  inclusions  of  a  eutectoid  consisting  of  two  solid  solutions  of 

19  L.  Guillet,  Rev.  de  Metallurgie,  3,  p.  243,  1906,  or  C.  H.  Desch,  Metallography,  p.  191. 
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A,  Specimen  19;  5X.  Rcmelted  and  allowed  to  cool 
in  the  furnace.  The  difference  in  orientation  of  the 
dendritic  structure  marks  out  the  various  crystals 


B,  Specimen  19;  100X.  The  dark  portions  are  the 
cores  rich  in  copper;  the  light  angular  spots,  the 
hard  brittle  eutectoid  inclusions 


C,  Specimen  568;  100X.     The  shattering  of  the  eu- 
tectoid under  strain  is  illustrated 


D,  Specimen  568;  250X.  The  crack>  (black)  in  the 
eutectoid  (white)  are  at  right  angles  to  the  direc- 
tion of  the  strain 


Fig.  13. — Typical  microstructure  of  cast  zinc-bronze  (SS-10-2) 


[A  and  B  were  etched  with  ammonium  hydroxide  containing  hydrogen  peroxide;  C  and  D  with  ammoniacal  copper- 
ammonium  chloride] 
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tin  and  copper  (i.  e.,  disregarding  the  zinc  for  the  time)  of  different 
tin  contents.  This  eutectoid  or  "  bronzite,"  as  it  has  been  termed 
by  Guertler,  may  be  considered  as  analogous  to  pearlite  in  steel. 

Reference  to  Fig.  10  will  make  clear  the  process  of  solidification 
by  which  the  structure  shown  is  obtained.     Assume  an  alloy  of  5 
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Fig.  11. — Structural  equilibrium  diagram  of  copper  and  zinc 

per  cent  tin  in  the  molten  condition,  represented  by  the  point  m. 
As  the  liquid  alloy  cools,  solid  crystals  will  first  separate  out  at  a 
temperature  of  10500  C  (approximately)  and  be  of  the  composi- 
tion 0 — approximately  1  per  cent  tin.  The  composition  of  the 
melt  from  which  these  copper-rich  crystals  separates  is  represented 
by  n.     The  separation  of  the  copper-rich  crystals  will  increase  the 
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tin  content  of  the  liquid  portion,  its  composition  now  being  repre- 
sented by  a  point  on  the  curve  AC  just  below  n  at  »'.  The  com- 
position of  the  succeeding  solid  will  be  correspondingly  richer  in 
tin  and  be  represented  on  the  curve  at  o' .  At  m'  (9000  C)  the 
process  of  solidification  is  complete  and  the  composition  of  the 
solid  crystal  will  vary  in  tin  content  from  center  outward,  as  repre- 
sented by  the  portion  of  the  curve  o-mf.  The  process  of  diffusion 
which  accompanies  the  precipitation  of  the  crystals  tends  to  wipe 
out  any  abrupt  changes  in  composition  and  only  a  gradual  varia- 
tion results.  The  temperature  range  nm'  (10500  to  9000  C)  is  the 
"freezing  range"  of  the  alloy;  it  has  no  definite  freezing  point. 
Inasmuch  as  metallic  solid  solutions  do  not  usually  crystallize  from 
a  single  center  outward  uniformly  but  grow  in  certain  directions 
faster  than  in  others,  a  treelike  form  results,  the  cross  section  of  the 
branches  of  which  show  a  varying  composition  as  explained.  The 
central  core,  being  the  first  to  solidify,  is  the  portion  richest  in 
copper.  Since  crystallization  begins  at  a  great  number  of  points 
throughout  the  cooling  liquid  metal  simultaneously,  one  such  tree- 
like crystal  will  result  at  each  center  of  crystallization,  the  size  and 
exterior  form  of  each  "  tree  "  will  depend  upon  the  intereference  with 
neighboring  ones.  The  whole  mass  when  solid  will  consist  then  of 
crystals,  each  one  of  which  may  be  compared  in  structure  to  a 
solid  "double-ended"  pine  tree.  This  is  shown  diagrammatically 
in  Fig.  12. 

Below  9000  C  no  further  changes  occur  in  the  crystals  other  than 
diffusion  within  the  crystals,  which  tends  to  erase  the  dendritic 
pattern  and  render  the  structure  more  homogeneous. 

The  changes  which  occur  in  the  88-10-2  alloy  upon  cooling  are 
much  more  complex.  The  first  part  of  the  process  of  solidification 
is  similar  to  the  allo}^  just  described;  in  this  case  the  solid  separat- 
ing first  from  the  melt  is  richer  in  tin  (approximately  3  per  cent) 
than  the  case  already  discussed.  At  7900  C  the  alloy  is  nearly 
solid  and  consists  of  dendrites  of  varying  composition  (97  to  91 
per  cent  Cu)  and  a  liquid  containing  74.5  per  cent  copper.  At  this 
temperature  a  reaction  occurs  between  this  liquid  and  some  of  the 
already  solidified  portion  to  form  a  solid  of  77.5  per  cent  copper 
content;  this  is  the  (S  solid  solution.     This  0  constituent  lies  in 
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A,  Specimen  524;  5X.    Poured  as  achillbarat  1285°  C. 


B.  Specimen  524;  100X 


C,  Specimen  437;  5X.     Poured  at  1173°  C.  as  a  bar- 
rel-shaped casting  in  sand 


D,  Specimen  437;   100X 


Fig.  14. — Microstructure  as  affected  by  the  rate  of  cooling 
[A  and  C  were  etched  with  ferric  chloride;  B  and  D  with  ammonium  hydroxide  containing  hydrogen  peroxide] 


Standard  Zinc-Bronze  Test  Bars 


53 


the  angles  between  the  interlocking  fingers  next  to  the  tin-rich 
layers  of  the  dendrites.  From  7900  C  to  5000  C,  as  the  alloy,  now- 
solid,  cools,  no  appreciable  structural  change  other  than  diffusion 
occurs.  At  5000,  the  /3  solution  breaks  up  into  an  intimate  mix- 
ture of  the  a  and  8  solutions  of  copper  and  tin.  The  0  solution 
is  still  richer  in  tin  than  is  the  /3.  This  break-up  at  5000  is  anal- 
ogous to  the  formation  of  pearlite  in  steel.  The  solid  solutions 
a,  /3,  5,  etc.,  are  probably  not  simple  solutions  of  tin  in  copper  of 
progressively  increasing  tin  content  but  their  theoretical  nature 
is  not  of  importance  here.     The  8 S- 10-2  alloy,  then,  at  ordinary 


Fig.  12. — Illustration  of  "pine-tree"  or  dendritic  crystalline  structure 

temperatures,  directly  after  casting,  consists  of  a  mass  of  solid 
treelike  crystals  the  branches  of  which  constitute  the  a  solution 
of  tin  and  copper  (plus  the  zinc)  and  show  a  variation  in  composi- 
tion from  center  outward.  In  the  interstices  between  the 
"branches"  are  inclusions  of  "bronzite,"  a  eutectoid  consisting 
of  a  mechanical  mixture  of  a  and  5  solutions  of  copper  and  tin 
which  resulted  from  the  break  up  of  a  previously  existing  con- 
stituent, the  (S  solution  of  copper  and  tin.  By  increasing  the 
tin  content  of  the  alloy  the  amount  of  "bronzite "  increases  at  the 
expense  of  the  a  solution  until  at  about  25.0  tin;  there  is  no  free  a. 
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Beyond  this  point  free  b  solution  appears  and  at  approximately 
28  per  cent  Sn  the  bronzite  has  disappeared  and  the  alloy  is  all 
5  solution. 

IV.  RELATION  BETWEEN   METHOD   OF   CASTING  AND 
MICROSTRUCTURE 

From  theoretical  considerations,  no  essential  change  in  the 
general  microstructure  should  be  expected  to  accompany  different 
methods  of  preparation  and  casting  of  the  alloy.  Microscopical 
examination  of  some  140  specimens  confirms  this.  The  method 
of  casting  exerts  its  influence  indirectly  by  determining  the  rate 
of  cooling  and  so  also  the  rate  of  crystallization.  The  rate  of 
cooling  will  be  affected  by  the  size  of  the  molding  flask,  the  heat 
conductivity  and  capacity  of  the  molding  sand,  the  presence  of 
relatively  large  quantities  of  metal  in  a  feeding  reservoir,  the  pour- 
ing temperature,  the  use  of  chill  molds,  etc.  The  term  "coarse 
and  fine  crystals"  has  a  double  meaning  with  reference  to  this 
alloy,  and  to  cast  alloys  in  general  possessing  a  dendritic  structure. 
The  size  of  the  individual  crystals  themselves  may  vary  and  so 
also  may  the  size  of  the  "mesh"  of  the  inner  dendritic  structure 
of  the  crystal.  The  two  are  found  not  to  accompany  each  other, 
necessarily.  The  size  of  the  crystals  being  decided  by  the  number 
of  "crystallization  centers,"  it  is  to  be  expected  that,  ordinarily, 
a  very  slow  cooling  will  result  in  large  crystals  and  a  coarse-meshed 
dendritic  structure.  Mechanical  disturbances,  however,  may 
interfere  so  that  crystallization  begins  at  a  great  many  centers 
and  smaller  crystals  with  a  fairly  coarse  interior  structure  may 
result  with  approximately  the  same  rate  of  cooling.  (Compare 
Fig.  15,  a  andc.) 

Another  important  result  of  the  influence  of  rate  of  cooling  upon 
the  structure  is  the  amount  of  eutectoid  which  is  dissolved  by  the 
a.  constituent.  Theoretically  it  should  be  possible  with  alloys 
of  the  percentage  of  tin  here  considered  to  have,  at  the  most, 
only  traces  of  the  eutectoid  showing.  Practically  this  never 
results  in  the  cast  alloy.  By  the  use  of  chill  molds,  the  solidifica- 
tion and  the  subsequent  cooling  of  the  alloy  may  be  so  rapid  that 
the  eutectoid  inversion  may  be  partially  obliterated,  so  that  the 
/?  constituent  is  retained,  at  least  in  the  outer  crust  thus  imparting 
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A,  Specimen  740;  5X.     Poured,  at  i225°C.asa  "cast- 
to-size ' '  shape  in  greensand 


B,  Specimen-  740;  100X 


C,  Specimen  531;  5X.    Poured  at  i2oo°C.  asa"cast- 
to-size  "  shape  in  greensand 


D,  Specimen,  531;  100X 


Fig.  15. — Micro  structure  as  affected  by  the  rate  of  cooling 
[A  and  C  were  etched  with  ferric  chloride;  D  and  D  with  ammonium  hydroxide  containing  hydrogen  peroxide] 
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different  physical  properties  to  the  alloy.  This  condition,  how- 
ever, was  not  detected  with  certainty  in  any  of  the  samples 
examined. 

Figs.  14  and  15  illustrate  the  general  structure  of  the  alloys 
prepared  by  different  methods  and  illustrate  the  above  points. 

V.  APPEARANCE  OF  SPECIMENS  AFTER  THE  TENSION  TEST 

The  appearance  of  the  specimen  after  being  broken  in  the  ten- 
sion test  is  quite  indicative  of  the  numerical  results  obtained  in  the 
test.  Fig.  16  illustrates  this  characteristic  appearance  of  "good" 
and  "poor"  bars.  A  knowledge  of  the  microstructure  affords  an 
explanation  of  the  cause  of  this  characteristic  appearance.  Fig. 
12  shows  that  the  relative  orientation  of  the  interior  dendritic 
structure  of  neighboring  crystals  follows  no  definite  plan ;  this  is  also 
confirmed  by  microscopic  observation  of  the  specimens.  Those 
crystals  which  are  most  favorably  oriented  will  be  stretched  beyond 
the  elastic  limit  first;  these  most  probably  are  those  whose  prin- 
cipal axis  of  orientation  coincides  with  the  direction  of  the  applied 
stress.  The  roughening  or  "crinkling"  of  the  surface  of  the  ten- 
sile bar  shows  that  different  crystals  are  affected  unevenly.  In 
other  words,  the  mechanical  properties  of  the  individual  crystals 
are  not  the  same  in  all  directions.  When  those  crystals  which  are 
most  favorably  oriented  begin  to  yield  to  the  stress,  thus  changing 
the  relative  amount  other  crystals  must  bear,  another  set  of  crys- 
tals will  reach  their  elastic  limit  in  that  particular  direction  and 
so  in  turn  yield  to  the  stress. 

Fig.  13,  C  and  D,  show  how  the  different  microconstituents 
behave  under  tension  and  what  the  real  nature  of  each  is.  The 
a  solution,  after  its  "elastic  limit"  is  exceeded,  is  plastically  de- 
formed by  the  acting  stress.  The  eutectoid  is  a  hard  brittle  sub- 
stance and  can  only  conform  to  this  new  condition  by  breaking 
transversely  across  and  having  the  resulting  small  sections  move 
bodily  in  the  direction  of  the  applied  stress.  If  the  eutectoid 
forms  a  practically  continuous  network,  its  brittleness  and  other 
properties  will  predominate  in  determining  the  physical  properties 
of  the  alloy. 

The  smooth  unwrinkled  bars  are  characteristic  of  low  results 
in  general.     In  this  case  the  eutectoid  is  not  found  in  a  shattered 


56 


Technologic  Papers  of  the  Bureau  of  Standards 


condition  and  the  a  constituent  has  not  "flowed"  under  the  ap- 
plied stress.  The  presence  of  inclusions  of  impurities  has  pre- 
vented this  and  caused  the  low  results.  This  will  be  referred  to 
in  a  later  section. 

The  microscopic  examination  of  the  specimen  offers  evidence 
of  the  suggestion  made  above  that  the  crystals  are  affected  un- 
equally according  to  their  orientation.  Crystals  were  found  which 
showed  shattered  eutectoid  particles  and  the  tx.  matrix  in  spots 
has  an  appearance  suggestive  of  flowing  while  immediately  neigh- 
boring crystals  apparently  were  unchanged. 

VI.   CORRELATION   OF   MICROSTRUCTURE  AND  PHYSICAL 

PROPERTIES 

A  large  number  of  broken  tensile  bars  were  chosen  at  random 
for  the  examination  of  the  microstructure  and  its  correlation  with 
the  physical  properties.  The  possible  sources  of  weakness  in  such 
bars  may  be  classed  under  two  headings — (i)  those  due  to  weak- 
ness at  the  crystal  boundaries,  badly  interlocking  crystals,  segre- 
gated impurities  at  the  exterior  of  the  crystals,  etc. ;  (2)  weakness 
inherent  within  the  crystal  structure,  which  may  be  due  to  crystal 
size  and  orientation,  inclusions  of  foreign  materials,  excessive  or 
badly  disseminated  eutectoid,  etc. 

TABLE  7 
Microscopic  Examination 

[The  specimens  given  were  chosen  at  random  from  a  collection  of  nearly  iooo  test  bars] 


Speci- 
men 

Condition  of  bar  a 

Color  of  fracture 

Type  of 

break  & 

Microscopic 
examination  c 

Physical 
properties  <* 

36 
109 
263 

(Smooth  with  fine  trans- 
it   verse  cracks. 

Crinkled 

Rather  brown . . . 

[Intracrystal- 
1    line. 

do 

do 

[Eutectoid  moderate  in 
3     amount;    dendrites 
(    medium  mesh. 
[Dendrites  fine  mesh; 
<    eutectoid  abundant; 
i    pits  common. 
[Pits  common;  trace  of 
•     oxide   film;    eutec- 
(    toid  abundant. 

I  42  450    20. 5 
| 20.0 

]  33  800      6. 5 
| 7.0 

1  42  000    23.0 

[  16  000    20. 0 

o  The  descriptive  terms  used  are  illustrated  by  Fig.  16. 

&  Intracrystalline,  through  the  crystals;  intercrystalline,  between  them. 

«  The  terms  "fine"  and  "coarse"  as  applied  to  the  dendritic  structure  are  relative,  Fig.  14,  Sand  D.may 
be  taken  as  standard.    Fig.  14,  D,  also  illustrates  the  usual  amount  of  eutectoid  to  be  expected. 

<*  Recorded  in  order:  Ultimate  strength  in  pounds  per  square  inch'  elastic  limit  in  pounds  per  square  inch; 
per  cent  elongation  in  2  inches;  per  cent  reduction  of  area. 
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A,  Specimen  36;  2X.  Ultimate  tensile  strength, 
42,450  pounds  per  square  inch;  elongation  in  2 
inches,  20.5  per  cent;  reduction  of  area,  20  per 
cent 


B,  Specimen  404;  2X.  Ultimate  tensile  strength, 
39,55°  pounds  per  square  inch;  elongation  in  2 
inches,  20.5  per  cent;  reduction  of  area,  20.5  per 
cent 


C,  Specimen  475;  2X.  Ultimate  tensile  strength, 
19,800  pounds  per  square  inch;  elongation  in  2 
inches,  3  per  cent;  reduction  of  area,  2  per  cent 


D,  Specimen  1023;  2X.  Ultimate  tensile  strength, 
26,000  pounds  per  square  inch;  elongation  in  2 
inches,  5.5  per  cent;  reduction  of  area,  7.6  per  cent 


Fig.  16. — Surface  appearance  of  tensile  bars  after  rupture 
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Speci- 
men 

Condition  of  bar 

Color  of  fracture 

Type  of 
break 

Microscopic 
examination 

Physical 
properties 

235 

Finely  crinkled 

[Yellow  plus  or- 
•j    ange    in    de- 
(    pressions. 

1 1 n  t  e  rcrystal- 
|    line. 

[No  oxide  films;  eutec- 
\    toid  shattered. 

(Coarse  mesh  for  den- 

1  41  670     21.  5 
J  19  000     21.  0 

301 

(Smooth  with  fine  trans- 
it   verse  cracks. 

Slight    roughening    of 

\ Yellowish  gray.. 

|....do 

1     drites;         eutectoid 
1     abundant;        oxide 
I    films  common. 

1  24  370      7.  5 
[  15  000      7. 0 

312 

the  surface;  fracture 
is  through  three  crys- 
tals of  nearly  same 
orientation. 

Yellow  plus  a  lit- 
tle gray. 

1 1  n  t  r  acrystai- 
1    line. 

Like  No.  314,  with  less 
eutectoid. 

Eutectoid      abundant 

1  32  200    15.  0 
|   14  620    11.5 

(Trace  of  fine  roughen - 

Yellow         plus 

i 

and     in     relatively 

314 

■J     ing  with  some  trans  - 

many     bright 

l....do 

1     large    masses;    pits 

30  900      7.  0 

(    verse  cracks. 

gray  spots. 

abundant;  some  ox- 
[    ide  films  found. 
(Medium  mesh;  eutec- 

17  500       4. 0 

327 

Dull  yellow 

1     toid,  small  and  scat- 
1     tered;  pits  few;  no 

1  40  902     19. 0 

|  20  000    16.  0 

I    oxide. 

) 

342 

Smooth 

Grayish  yellow.. 

[Crystals      too 
•     small  to  de- 
1    cide. 

(Poor    interlocking    of 
1     dendrites;  eutectoid 
1     forms    a    network; 

1  23  100     

f  15  550      4.  0 

[    oxide  films  present. 

) 

372 

[just  a  trace  of  crinkling ; 
,    fine  transverse 
[    cracks. 

1. ...do 

Jlntercrystal- 
1    line. 

(Dendrites,  large  mesh ; 
<     many  pits  and  oxide 
{    films. 

1  25  750      7.  5 

J  16  700      7. 0 

Dendrites,          coarse 

374 

[Trace  of  crinkling  of 
[    surface. 

Orange        plus 
brown. 

I  n  t  r  acrystal- 
line. 

mesh;         eutectoid 
plentiful;  pits  plen- 
tiful;   a    few    oxide 
films. 

37  120     15. 0 
16  200      9.  0 

404 

Much  roughened 

Yellow 

do 

(Dendrites,  large  mesh; 

mesh;  trace  of  oxide 

1     films;  pits  plentiful. 

39  550    20.  5 

20.5 

Dendrites,  large  mesh; 

407 

eutectoid    in    small 
particles;   few  pits; 

42  500    23.  5 

25.7 

no  oxide  films. 

Dendrites  are  of  a  very 

411 

Smooth 

Gray  plus  a  little 
yellow. 

Too  finely 
crystalline  to 
be  deter- 
mined. 

fine  mesh  and  much 
branched;  eutectoid 
abundant;  no  oxide 
films;  few  pits. 

36  200      5. 0 

20  000      4. 0 
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Condition  of  bar 

Color  of  fracture 

Type  of 
break 

Microscopic 
examination 

Physi 
properti 

Speci- 
men 

:al 
es 

416 

(Surface      is      slightly 
1    roughened. 

Yellow  plus  a  lit- 
tle gray. 

In  tracrystal- 
Iine. 

Intracrystal- 
line  through 

[Dendrites     of     large 
<     mesh ;  pits  common ; 
(    some  oxide  films. 

1  31  200 
[  16  500 

10.0 
10.5 

418 

[Very    slightly    rough- 
[    ened. 

Yellow  with  dis- 
tinct  tinge   of 
gray. 

a  crystal  ex- 
tending one - 
third  the  di- 
ameter     of 
bar. 
I n  t  r  acrystal- 
line  through 
a  large  crys- 

[Dendrites,         coarse 
J     mesh;         eutectoid 
]     abundant; pits  plen- 
l    tiful;  no  oxide  films. 

Dendrites,          coarse 

1  30  500 

12.0 
10.0 

425 

Noticeably  roughened. . 

Yellow 

tal    occupy - 
in  g  two- 
thirds  di- 

mesh; eutectoid  not 
abundant;  some  pits 
and  oxide  films,  but 

32  800 
'  23  800 

13.5 

12.5 

ameter      of 

not  abundant. 

bar. 

431 

[Smooth,     with     some 
1    transverse  cracks. 

1 

JI  n  t  r  acrystal- 
i    line. 

Many  pits;  some  ox- 
ide films. 

f  26  900 
1  18  500 

7.5 

J 

5.7 

Dendrites,      medium 

mesh;      eutectoid 

439 

Much  crinkled 

..  do 

I  abundant;   no   oxide 
films;  pits  not  com- 

44 500 

24.0 

14.0 

mon. 

445 

Finely  crinkled 

[Yellow    with    a 
1    tinge  of  gray. 

(Yellow  with  or- 

L..do 

[Traces  of  oxide  films 
1    in  spots. 

Dendrites,      medium 
mesh;      eutectoid 

J  41  000 

17.0 
15.8 

447 

Smooth 

J    ange,  also  has 

I    prominent 

Indetermin- 
able. 

shattered    in    some 
crytals;    some    pits 

33  400 
16  300 

15.0 

16.7 

I    gray  spots. 

and      oxide      films 
.    found. 
[Dendrites,      coarse 

471 

do 

JYellow    with    a 
1    gray  tint. 

Intracrystal- 
line. 

I    mesh;  pits  common 
1    with     some     oxide 

I   26  000 
|  16  000 

8.5 

7.5 

I    films. 

472 

[Smooth,     -with     some 
{    transverse  cracks. 

i  Bright      orange 
|    and  brown 
1    with  seme  gray 
I    spots. 

Intercrystal- 
|     line. 

(Eutectoid  plentiful  and 
j     in    large    particles; 
I     pits  common;  oxide 
[    films  very  bad. 

1 

!  21  000 
15  600 

3.5 
2.5 

474 

do 

do 

.  .do. 

Oxide  films  very  bad . . 

[  17  300 
[  14  800 

2.0 

1.5 

475 

[Faint  traces  of  roughen- 
ing with  transverse 
I    cracks. 

1  Yellow    with    a 
|    tinge  of  gray. 

I  n  t  r  acrystal- 
line. 

Oxide  films  are  abun- 
dant. 

1 

[  19  800 
[  15  000 

3.0 
2.0 
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Speci- 
men 

Condition  of  bar 

Color  of  fracture 

Type  of 
break 

Microscopic 
examination 

Physical 
properties 

f  Oxide  films  in  inter- 

[Dirty     yellow 

1 

crystalline    bounda- 

490 

Smooth 

1    with    brown 
1     areas  and  gray 

1 1  n  t  e  rcrystal- 
[    line. 

ries,  associated  with 
pits;     eutectoid     in 

14  000      1.  0 

4  500        .5 

I    spots. 

large  particles;  mesh 
{    of  dendrites  coarse. 
Dendrites,  fine  mesh; 

494 

Very  slightly  crinkled. . 

Grayish  yellow 

eutectoid,     in     fine 

<     particles;    no    oxide 

films;  pits  not  com- 

41  400    10.5 



3  000    10. 5 

!     mon. 

[Dendrites,      large 

] 

555 

Somewhat  crinkled 

[Yellow    with    a 
\    tinge  of  gray. 

I  n  t  r  acrystal- 
line. 

1     mesh;  eutectoid  not 
I    abundant;  few  pits; 
I     trace  of  oxide  films. 
Dendrites,     large 
mesh;  eutectoid 

I  36  900    19. 5 
| 17.5 

568 

do 

Dull  yellow 

shattered    in    some 
crystals;  pits   abun- 

35 000    21.  0 

19.0 

dant;    some    oxide 

films  present. 

[Dendrites,     large 

I 

571 

Roughened 

Yellow 

.     .  do 

1    mesh;  eutectoid 
1     abundant;  some  ox- 

30  500     13. 0 

| 16.5 

[    ide  films. 

573 

jRoughened    consider- 

[Like  568,  except  eutec- 
toid was  not  found 
[    shattered. 

1  38  500    20. 0 

i    ably. 

1 

[..              16.9 

I  n  t  r  acrystal- 

;     line  through 

Dendrites,   coarse 

603 

a  crystal  oc- 
[    cupying  two- 

mesh;  eutectoid  not 
■    very  abundant;  some 

37  200    23. 5 

22.3 

1     thirds      the 

pits  and  a  trace  of 

j    diameter  of 

oxide  films. 

I    the  bar. 

613 

[Smooth,    with    many 
[    transverse  cracks. 

[Orange    and 
|     dark      brown 
[    with    many 
[    gray  specks. 

Intracrystal- 
f    line. 

Dendrites,   coarse 
mesh;  eutectoid 
plentiful;    pits    and 
oxide    films    rather 
abundant. 

24  100      9.0 
' 7.0 

619 

Jlntercrystal- 
1    line. 

Oxide  films  and  pits 
abundant. 

20  705      3.  0 

1 3.8 

Dendrites,  coarse 

621 

....do 

[I  n  t  r  acrystal- 
[    line. 

mesh;  eutectoid 
not    very    plentiful; 
pits  and  oxide  films 

23  750      5.  0 

4. 6 

fairly  abundant. 
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TABLE  7— Continued 


Speci- 
men 

Condition  of  bar 

Color  of  fracture 

Type  of 
break 

Microscopic 
examination 

Physical 
properties 

Dendrites,  coarse 

640 

(Steel  gray  with 
J    flecks  of  yel- 

1 1  n  t  r  acrystal- 
1    line. 

mesh;  eutectoid 
very  abundant  and 
forms    a    much- 

36  300     

5. 7 

branched   network; 

l    oxides  rare. 

819 

(Considerably      rough- 
•     ened    (annealed    at 
1     700°  C). 

l 

do 

[Dendrites    gone;    eu- 
1     tectoid    nearly    ab- 
sorbed; small  pits; 

1  45  500    36.0 

( 

1 30.7 

1    no  films. 

J 

Dendrites   still   show 

824 

("Very    slightly    rough - 
■'    ened    (annealed    at 

1 

do 

faintly;  traces  of  eu- 
tectoid     remain; 
many  pits  and  oxide 

34  000    22. 0 

',     600°  C). 

I 

29. 0 

I    films. 

831 

(Very  rough  (heated  to 
I     700°  C  and  quenched 
I    in  water). 

1 

do 

[Trace  of  dendrites  re- 
1     main;  eutectoid  ab- 
sorbed;   some    pits 
I    show. 

1  40  000    37.  0 

' 

32.4 

(Dendritic  pattern  en- 

| 

836 

[Very  rough  (annealed 
1    at  800°  C). 

) 

do 

1    tirely    gone;    eutec- 
toid absorbed;  a  few 

1  47  000    40.0 

J 

34.0 

I    very  tiny  pits. 

J 

838 

(Very  rough  (annealed 
1    at  700°  C). 

) 

do 

[Like  No.  836;  also  a 
j    faint  trace  of  oxide 
1    film  was  found. 

1  48  500    42.  0 

J 

| 19.0 

Eutectoid     not     very 

1006 

[Yellow   with    a 
1    little  gray. 

|....do 

abundant;       den- 
drites coarse;  some 
oxide      films      are 

I    present. 

(Dendrites,  fine  mesh; 

35  600    19. 5 
16.9 

1009 

Roughened  at  one  end . 

do 

I    eutectoid    plentiful; 
I    pits  and  fine  oxide 
1    films. 
Eutectoid     not     very 

32  100      7.0 
[ 8.4 

1014 

Somewhat  roughened. . 

(Yellow    with 
i    trace  of  brown 

[....do 

abundant  and  in  fine 
particles;  some  pits 

35  000    10. 5 
19.0 

[    in  spots. 

1 

and  a  trace  of  oxide 

films. 

1023 

Smooth 

[Orange    brown 
<    with    grayish 
I    yellow  in  spots. 

>       do 

Dendrites,  very    fine 
mesh;  eutectoid 
abundant;  some  ox- 
ide films. 

26  000      5.  5 

1       "     ■ 

' 7.6 
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A,  Specimen  285;  3X 


D,  Specimen  571;  3X.  The  larce  crystal  extending 
nearly  across  the  bar  most  probably  determined, 
the  position  of  the  break 


C,  Specimen  312;  3X.    The  three  crystals  of  nearly  the 
same  orientation  act  similarly  to  a  single  crystal 
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Fig.  17. — Types  of  fracture:  Intcrcrystalline  and  intracrystalline 
A,  B,  and  C,  intracrystalline;  D,  intcrcrystalline 
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1.  TYPE  OF  FRACTURE 

An  interesting  and  important  point  is  the  determination  whether, 
during  tension,  the  break  finally  occurs  between  or  through  the 
crystals.  These  two  types  of  break  may  be  termed  intercrystal- 
line  and  intracrystalline,  respectively.  To  determine  this  point 
the  two  parts  of  a  good  many  broken  tensile  specimens  were  sol- 
dered accurately  together  and  a  longitudinal  section  cut  through 
the  soldered  portion  of  each  bar.  The  cut  face  was  polished  and 
etched  to  reveal  the  macroscopic  crystalline  structure.  The 
results  are  summarized  in  the  preceding  table.  Fig.  17  illus- 
trates the  appearance  of  several  such  bars  and  show  clearly  that 
the  prevailing  type  of  break  is  the  intracrystalline  one  rather  than 
a  simple  pulling  apart  of  the  crystals,  as  might  be  supposed. 
Rosenhain  20  has  already  called  attention  to  the  fact  that  this  type 
of  break  is  characteristic  of  metals  broken  at  ordinary  tempera- 
tures.    Of  44  bars  examined  the  following  results  were  obtained. 


With  intracrystalline  break. 
With  intercrystalline  break . 
Indeterminable 

Total 


Number 


Per  cent 


79.6 
13.6 
6.8 


100.0 


This  is  true  of  many  of  the  specimens  which  remained  smooth 
after  breaking  and  which  gave  evidence  of  very  low  ductility,  thus 
showing  that  even  in  such  cases  the  region  of  the  crystal  bound- 
aries is  stronger  than  the  interior  of  the  crystals  themselves.  The 
specimens  giving  an  intercrystalline  break  were  those  showing  the 
worst  mechanical  features  of  all  those  examined. 

2.  COARSENESS  OF  THE  DENDRITES 

The  results  obtained  indicate  that  the  size  of  the  mesh  of  the 
dendritic  structure  is  relatively  a  minor  factor  in  determining  the 
physical  properties  of  the  alloy.  High  tensile  results  were  noted 
with  specimens  in  which  the  interior  crystalline  structure  was 


10  Jour.  Inst,  of  Metals,  1913,  2,  x.  p.  119.     "  The  Intercrystalline  Cohesion  of  Metals. 


62  Technologic  Papers  of  the  Bureau  of  Standards 

relatively  coarse,  e.  g.,  specimen  407.  With  very  pure  material, 
the  coarseness  of  the  dendritic  structure  undoubtedly  will  be  an 
important  factor  in  determining  the  physical  properties  of  the 
alloy,  but  with  commercial  material  other  factors  overshadow 
this  one  as  shown  by  the  results  obtained  in  this  series. 

3.  EUTECTOID 

As  is  to  be  expected,  any  decided  increase  in  the  amount  of  a 
brittle  constituent  like  the  eutectoid  found  in  this  alloy  will  entail 
decided  changes  in  the  physical  properties.  In  dealing  with  any 
series,  however,  in  which  the  composition  is  fixed  within  rather 
narrow  limits,  as  is  the  case  here,  the  distribution  and  arrangement 
of  this  constituent  rather  than  accidental, variations  in  the  amount 
are  more  important  in  determining  the  properties  of  the  alloy. 
Two  specimens  in  the  series  examined,  Nos.  411  and  640,  showed 
no  decided  bad  features  so  far  as  inclusions,  etc.,  are  concerned. 
The  dendrites,  however,  instead  of  forming  the  usual  interlocking 
type  with  the  eutectoid  forming  isolated  masses  in  the  angles  of 
the  branches,  are  of  a  more  open  form  and  the  eutectoid  forms  a 
nearly  continuous  network  enveloping  the  branches.  Both  of 
these  specimens  broke  with  a  decided  gray  fracture  and  though 
the  ultimate  strength  was  near  the  average  the  specimen  showed 
the  characteristics  of  brittleness  to  be  expected.  This  type  of 
structure,  however,  was  the  exception  rather  than  the  rule  in  the 
observed  series.     Fig.  18,  D,  illustrates  this  condition. 

4.  SIZE  AND  ORIENTATION  OF  CRYSTALS 

In  otherwise  good  and  clean  metal,  the  size  and  orientation  of 
neighboring  crystals  will  determine  largely  the  properties  of  the 
materials.  Specimens  425  and  603,  while  showing  a  fair  structure 
otherwise,  broke  at  a  point  where  one  crystal  extended  nearly 
two-thirds  the  diameter  of  the  bar.  The  properties  of  this  crystal 
then  determined  almost  entirely  the  behavior  of  the  whole  bar; 
Fig.  16,  B,  illustrates  this  condition.  Several  adjacent  crystals 
having  nearly  the  same  orientation  will  act  in  a  manner  very  simi- 
lar to  a  single  large  one;  such  a  specimen  is  illustrated  in  Fig.  16,  C. 
Such  cases  are  apparently  unavoidable  and  must  be  expected  to 
occur  in  castings,  as  ordinarily  prepared. 
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K     ^       , 


A,  Specimen  475;  100X.     The  dark  network  is  the 
film  of  oxide 


B,  Specimen  475;  250X 


C,  Specimen  613;  250X  D<  Specimen  411;  100X 

Fig.  18. — Microsfrncture  of  badly  contaminated  metal 

A    B  and  C  show  the  appearance  of  the  oxide  films;  D  illustrates  the  open  dendritic  mesh  (dark)  with  a  fairly  continuous 
eutectoid  network  (light).     [All  were  etched  with  ammonium  hydroxide  containing  hydrogen  peroxide] 
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S.   OXIDE  FILMS  AND  PITS 

The  one  predominating  cause  of  low  results,  as  illustrated  by 
the  series  examined,  is  the  presence  of  oxide  inclusions.  In  speak- 
ing of  this  point  Law  21  says : 

So  important  is  the  deoxidation  of  metals  and  alloys  that  it  would  probably  be 
no  exaggeration  to  say  that  when  the  history  of  the  alloy  industry  comes  to  be 
written,  the  record  of  progress  during  the  past  20  years  will  be  summed  up  in  the 
words  "the  use  of  deoxidizers. " 

In  order  to  check  out  the  possible  occurrence  of  iron  as  an 
impurity  in  some  of  the  bars  which  gave  especially  low  results  a 
qualitative  test  was  made.  A  5-gram  sample  of  specimen  474, 
one  of  the  poorest  and  most  brittle  bars  examined,  was  used.  No 
detectable  color  was  obtained  with  the  potassium  sulphocyanide 
test. 

The  form  in  which  an  impurity  occurs,  rather  than  its  actual 
amount,  largely  determines  the  deleterious  effect  produced.  The 
work  of  Heyn  and  Bauer  22  has  shown  that  in  the  copper-tin 
alloys  stannic  oxide  inclusions  occur  in  the  form  of  an  intersecting 
network.  Similar  networks  were  found  in  many  of  the  samples 
examined.  Fig.  18,  A,  B,  and  C,  shows  their  appearance.  In 
many  of  these  networks  dove-gray  inclusions  were  found.  Most  of 
them,  however,  were  filled  with  a  pulverulent  form  of  oxide. 
The  oxide  is  really  in  the  form  of  films  of  which  the  network 
observed  is  the  cross-sectional  view.  These  films  are  found 
within  the  dendritic  structure  of  the  crystals,  in  the  tin-rich 
portion,  or  in  that  portion  solidifying  toward  the  close  of  the  solid- 
ification period.  Consequently,  they  are  found  in  conjunction 
with  the  eutectoid,  which  is  often  noticed  to  form  a  continuation 
of  the  film.  Thus,  the  bad  effects  of  each  are  enhanced.  In 
addition  to  the  oxide  films,  most  of  the  specimens  show  porosity 
to  a  greater  or  less  extent.  In  many  cases  these  pores  are  filled 
with  the  same  pulverulent  form  of  oxide  found  in  the  films.  These 
pits  are  usually  associated  with  the  films  in  case  the  latter  are 
present. 

An  inspection  of  the  results  given  in  Table  7  shows  that  of  those 
specimens  having  an  ultimate  tensile  stength  of  30  000  or  less, 

21  E.  F.  Law,  Jour.  Inst,  of  Metals,  1912,  No.  2,  p.  222. 

^Zeit.  fur  Anorg.  Chemie,  1905,  45,  p.  52;  E.  Heyn  and  O.  Bauer,  "  Kupper,  Zinn,  und  Sauerstoff." 
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13  in  numDer,  all  show  numerous  oxide  films  and  pits.  Of  the 
1 2  specimens  having  an  ultimate  strength  of  from  30  000  to  35  000, 
10  show  evidence  of  these  films  of  oxide.  The  presence  of  oxides 
of  tin  and  zinc  in  the  form  of  pits  and  films  may  be  considered, 
then,  as  a  predominating  factor  in  the  cause  of  weakness  in  cast 
bronze.  The  color  of  the  freshly  broken  fracture  suggests  that 
often  cuprous  oxide  may  be  present.  Of  the  two  forms,  the  films 
are  much  more  serious  in  the  results  than  are  the  pits  and  blow- 
holes. Samples  in  which  the  oxide  occurs  almost  exclusively  in 
relatively  large  masses  rather  than  thin,  wide-spreading  films, 
while  possessing  a  lower  ultimate  strength  and  elastic  limit  than 
sound  metal,  show  evidence  of  higher  ductility,  and  on  the  whole 
appear  as  a  much  better  grade  of  material  than  those  in  which 
the  films  predominate.     Specimen  374  is  an  example  of  this. 

The  question  of  the  solubility  of  oxides  in  metals  is  of  prime 
importance  in  the  consideration  of  means  to  be  taken  for  their  elim- 
ination. Law,  in  the  reference  already  cited,  states  that  with  the 
exception  of  cuprous  oxide,  the  solubility  of  which  in  copper  is 
well  known,  other  oxides  do  not  dissolve  to  any  appreciable 
extent  in  the  molten  alloy.  Heyn  and  Bauer  found  in  their  work 
on  stannic  oxide  that  it  is  not  soluble  in  the  alloy.  The  forms  in 
which  the  oxides  were  always  found  to  occur  in  the  samples 
examined,  either  in  pits  or  films,  is  evidence  that  they  are  held  in 
mechanical  suspension  rather  than  in  true  solution. 

The  work  of  Heyn  and  Bauer,  already  referred  to,  has  shown 
that  a  covering  of  charcoal  is  not  a  sufficient  protection  against 
oxidation  for  copper-tin  alloys.  The  results  obtained  here  suggest 
that  zinc  as  a  deoxidizer  is  not  to  be  depended  upon  without  more 
elaborate  precautions  than  can  usually  be  taken  in  the  ordinary 
course  of  brass  foundry  work. 

6.  CONCLUSION 

The  general  conclusion  from  the  study  of  the  microstructure  is 
that  the  presence  of  oxides  is  a  much  more  potent  source  of  me- 
chanical weakness  of  the  alloy  in  its  cast  condition  than  any  of 
the  other  causes  enumerated.  From  the  standpoint  of  micro- 
structure,  the  variations  in  methods  of  casting,  pouring  tempera- 
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A,  Specimen  418;  5X.  The  right  edge  shows  a  trace 
of  the  peripheral  layer  of  fine  recrystallized  metal 
due  to  the  surface  distortion  of  the  tensile  bar 
while  being  machined;  heated  for  30  minutes  at 
700°  C.  and  cooled  in  the  furnace.  The  macroscopic 
crystalline  appearance  of  the  greater  part  of  the 
bar  has  been  unchanged 


B,  Specimen  4T8;  100X.  From  the  central  portion 
of  A.  The  eutectoid  has  been  nearly  absorbed  by 
the  matrix;  the  dendritic  pattern  has  been  par- 
tially erased 


C,  Specimen  418;  100X.    Part  of  the  recrystallized 
peripheral  layer  of  A 


D,  Specimen  451;  100  X.  From  the  outer  portion 
of  the  tensile  bar  where  the  structure  was  distorted 
by  machining;  heated  to  86o°  C,  dropped  to  7000, 
held  30  minutes  and  then  cooled  in  furnace 


Fig.  19. — Microstructure  as  affected  by  heat  treatment 
[A,  C,  and  D  were  etched  with  ferric  chloride,  B  with  ammonium  hydroxide  containing  hydrogen  peroxide] 
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ture,  etc.,  are  to  be  regarded  primarily  as  means  for  the  production 
of  sound  oxide-free  material  and  to  confer  no  mysterious  proper- 
ties upon  the  alloy.  The  frequent  occurrence  of  oxides  in  this 
series,  prepared  under  careful  supervision  and  using  precautions 
for  avoiding  such  contaminations,  suggests  the  abundance  of  such 
inclusions  in  similar  alloys  as  prepared  commercially.  The  failure 
of  such  cast  alloys  for  many  purposes  is  most  probably  to  be 
ascribed  to  the  presence  of  oxide  films  rather  than  to  any  other 
cause. 

VII.  MICROSTRUCTURE  AS  RELATED  TO  HEAT  TREATMENT 

As  recorded  in  the  microstructure,  the  effect  of  annealing  the 
alloy  will  be  revealed  by  the  disappearance  of  the  interior  dendritic 
structure  of  the  crystals,  the  solution  of  the  eutectoid  in  the  a 
matrix,  and  the  recrystallization  of  the  alloy  into  the  well-known 
polyhedral  forms  so  characteristic  of  annealed  brass  and  bronze 
high  in  copper.23  Heating,  followed  by  quenching,  will  retain  the 
alloy  in  some  intermediate  stage  depending  on  the  temperature, 
time  of  heating,  etc.  The  quenching  of  bronzes  higher  in  tin  may 
involve  the  retention  of  the  j3  solution  which  exists  above  5000  C 
(Fig.  10).  This,  however,  may  be  disregarded  here.  Fig.  19, 
A,  B,  C,  and  D,  shows  the  effect  of  heat  treatment  upon  the 
structure. 

The  changes  observed  in  the  properties  of  heat-treated  specimens 
(Table  7,  Nos.  819,  824,  831,  836,  838)  are  most  probably  to  be 
attributed  to  the  disappearance  of  the  nonhomogeneity  of  the 
alloy  by  the  intracrystalline  changes,  i.  e.,  by  the  erasure  of  the 
dendritic  structural  pattern,  and  the  absorption  of  the  eutectoid 
by  the  a  matrix.  This  hard  and  brittle  constituent,  existing 
in  a  multitude  of  tiny  inclusions  throughout  the  alloy,  almost 
entirely  disappears.  It  is  to  be  inferred  from  the  examination 
of  fractured  test  bars  (Sec.  VI,  1)  that  it  is  the  intracrystalline 
changes  upon  annealing  rather  than  those  at  the  boundaries  that 
most  affect  the  properties  of  the  metal  as  a  whole. 

23  This  is  true  only  in  case  the  metal  has  been  "cold  worked  "  and  hence  distorted  as  is  true  here  for  the 
surface  layer  of  the  test  bars.     Unworked  castings  will  show  no  "  recrystallization  "  upon  annealing. 
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In  speaking  of  the  effect  of  heat  treating  this  alloy,  Primrose  ** 
mentions  the  growth  of  the  original  crystals  and  the  coarsening 
of  the  dendritic  pattern  upon  annealing.  In  none  of  the  heat 
treated  specimens  examined  was  any  evidence  of  an  increase  of 
crystal  size  found.  As  the  dendritic  structure  disappears  upon 
heating,  the  copper-rich  cores  spread  by  diffusion  and  the  rather 
sharp  outlines  of  this  pattern  disappear.  Thus,  the  whole  struc- 
ture appears  coarser  than  before  but  it  should  not  be  considered 
as  analogous  or  similar  in  properties  to  a  dendritic  structure 
which,  directly  after  casting,  is  as  course  as  this  heat-treated  one 
now  appears  to  be. 

The  effect  of  heat  treatment  upon  badly  oxidized  metal  is  im- 
portant. The  results  obtained  for  specimen  824  illustrate  that 
the  bad  effects  upon  the  tensile  properties  can  be  partially  elimi- 
nated; this  sample,  though  badly  pitted  and  showing  oxide  films, 
gave  a  fair  ultimate  tensile  strength  and  high  ductility.  The 
heat  treatment  of  this  alloy  was  carried  out  with  a  different  aim 
in  view.  However,  the  results  suggest  that  a  series  of  heat  treat- 
ments of  badly  oxidized  specimens  with  the  special  purpose  of 
determining  whether  it  is  possible  to  convert  the  injurious  films 
of  oxide  into  other  less  objectionable  forms  would  be  valuable. 

VIII.   ETCHING  OF  SPECIMENS 

The  structure  of  the  alloy  is  revealed  by  appropriate  etching. 
The  oxide  pits  and  films  are  seen  before  etching,  though  they  are 
most  clearly  revealed  after  the  surface  film  of  metal  due  to  the 
polishing  is  dissolved  off  by  the  etching  fluid.  For  showing  the 
macroscopic  crystalline  appearance  directly  after  casting,  a  freshly 
prepared  saturated  alcoholic  solution  of  ferric  chloride  is  very 
suitable.  If  the  etched  specimen,  after  being  washed  in  alcohol 
and  dried,  is  coated  with  a  thin  layer  of  clear  shellac,  the  con- 
trast between  the  crystals  is  greatly  increased.  This  is  valuable 
for  photographic  purposes.  To  reveal  the  dendritic  structure  of 
the  crystals,  a  1-1  (approximate)  solution  of  ammonium  hydrox- 
ide, to  which  one  or  two  drops  of  hydrogen  peroxide  are  added 
while  the  specimen  is  immersed,  may  be  used.     The  copper-rich 

u  Jour.  Inst.  Metals,  1913,  No.  1,  Vol.  II,  p.  158. 
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portion,  or  cores,  are  attacked  most  strongly  and  dissolved  so  that 
the  tin-rich  portions  appear  in  relief.  The  eutectoid  is  but  little 
affected  and  shows  in  good  contrast  against  the  etched  background. 
The  same  structure  is  shown  by  the  use  of  an  alkaline  solution  of 
copper  ammonium  chloride.  In  this  case  the  surface  is  not  etched 
so  deeply.  An  acid  aqueous  solution  of  ferric  chloride  (5  per  cent 
solution  acidified  with  1  per  cent  of  hydrochloric  acid)  is  often 
used.  This  darkens  the  a  matrix  so  that  the  eutectoid  stands 
out  in  bold  contrast.  It  has  the  disadvantage  of  not  clearly 
showing  the  dendritic  structure  of  the  matrix. 

IX.  SUMMARY 

(a)  The  addition  of  the  small  percentage  of  zinc  does  not  affect 
the  theoretical  microstructure  of  the  alloy. 

(6)  The  method  of  casting,  pouring  temperature,  etc.,  affect  the 
structure  only  indirectly  by  influencing  the  rate  of  cooling,  amount 
and  distribution  of  "inclosures,"  etc. 

(c)  The  microstructure  offers  an  explanation  for  the  charac- 
teristic appearance  of  the  tensile  bars  after  testing. 

(d).  Of  the  various  microstructural  features  affecting  the  physi- 
cal properties,  oxide  films  must  be  considered  to  exert  the  greatest 
influence,  by  far. 

(e)  The  changes  of  microstructure  accompanying  annealing  are 
explained  and  illustrated. 

The  very  efficient  help  given  by  Arthur  C.  McCabe  in  the  prep- 
aration of  the  many  metallographic  sections  necessary  for  ex- 
amination in  this  study  is  much  appreciated  and  is  here 
acknowledged. 

Washington,  March  25,  191 5. 


DEPARTMENT   OF   COMMERCE 


Technologic  Papers 


OP  THE 


Bureau  of  Standards 

S.  W.  STRATTON,  Director 


No.  60 

MICROSTRUCTURE   OF  CHANGES  ACCOMPANYING 
THE  ANNEALING  OF  CAST  BRONZE 

(Cu88,  Sn  10,  Zn2) 

BY 

HENRY  S.  RAWDON,  Assistant  Physicist 
Bureau  of  Standards 


ISSUED  JANUARY  25,  1916 


WASHINGTON 

GOVERNMENT  PRINTING  OFFICE 

1916 


TECHNOLOGIC  PAPERS 

i.  The  Effect  of  Preliminary  Heating  Treatment  upon  the  Drying  of  Clays 

(S3  PP-) A.  V.  Bleininger 

i.  The  Strength  of  Reinforced  Concrete  Beams — Results  of  Tests  of  333  Beams 

(first  series)  (200  pp.) R.  L.  Humphrey  and  L.  H.  Losse 

3.  Tests  of  the  Absorptive  and  Permeable  Properties  of  Portland  Cement 

Mortars  and  Concretes,  Together  with  Tests  of  Damp-Proofing  and  Water- 
proofing Compounds  and  Materials  (12  7  pp.) R.  J.  Wig  and  P.  H.  Bates 

4.  The  Effect  of  Added  Fatty  and  Other  Oils  upon  the  Carbonization  of 

Mineral  Lubricating  Oils  (14  pp.) C.  E.  Waters 

5.  The  Effect  of  High-Pressure  Steam  on  the  Crushing  Strength  of  Portland 

Cement  Mortar  and  Concrete  (25  pp.) R.  J,  Wig 

6.  The  Determination  of  Chromium  and  Its  Separation  from  Vanadium  in 

Steels  (6  pp.) J.R.  Cain 

7.  The  Testing  of  Clay  Refractories,  with  Special  Reference  to  Their  Load 

Carrying  Capacity  at  Furnace  Temperatures  (78  pp.) 

A .  V.  Bleininger  and  G.  H.  Brown 

8.  A  Rapid  Method  for  the  Determination  of  Vanadium  in  Steels,  Ores,  etc., 

Based  on  Its  Quantitative  Inclusion  by  the  Phosphomolybdate  Precipi- 
tate (20  pp.) ....J.R.  Cain  and  J.  C.  Hostetter 

0.  Density  and  Thermal  Expansion  of  Linseed  Oil  and  Turpentine  (27  pp.) 

H.  W.  Bearce 

10.  Melting  Points  of  Fire  Bricks  (17  pp.) C.  W.  Kanolt 

11.  Comparison  of  Five  Methods  Used  to  Measure  Hardness  (27  pp.) 

Ralph  P.  Devries 

12.  Action  of  the  Salts  in  Alkali  Water  and  Sea  Water  on  Cements  (157  pp.) . . . 

P.  H.  Bates,  A.  J.  Phillips,  and  R.  J.  Wig 

13.  The  Evaporation  Test  for  Mineral  Lubricating  and  Transformer  Oils  (13  pp.) 

C.  E.  Waters 

14.  Legal  Specifications  for  Illuminating  Gas  (31  pp.) . .  .E.  B.  Rosa  and  R.  S.  McBride 

15.  Surface  Insulation  of  Pipes  as  a  Means  of  Preventing  Electrolysis  (44  pp.) 

Burton  McCollum  and  O.  S.  Peters 

16.  Manufacture  of  Lime  (130  pp.) W.E.  Emley 

17.  The  Function  of  Time  in  the  Vitrification  of  Clays  (26  pp.) 

G.  H.  Brown  and  G.  A .  Murray 

18.  Electrolysis  in  Concrete  (137  pp.)  .  E.  B.  Rosa,  Burton  McCollum,  and  0.  S.  Peters 

19.  Physical  Testing  of  Cotton  Yarns  (31  pp.) W.  S.  Lewis 

20.  Determination  of  Sulphur  in  Illuminating  Gas  (46  pp.) 

R.  S.  McBride  and  E.  R.  Weaver 

21.  Dehydration  of  Clays  (23  pp.) G.H.  Brown  and  E.  T.  Montgomery 

22.  Effect  of  Overfiring  Upon  the  Structure  of  Clays  (23  pp.) 

A.  V.  Bleininger  and  E.  T.  Montgomery 

23.  Technical  Control  of  the  Colloidal  Matter  of  Clays  (118  pp.) H.  E.  Ashley 

24.  Determination  of  Phosphorus  in  Steels  Containing  Vanadium  (n  pp.) 

J.  R.  Cain  and  F.  H.  Tucker 

25.  Electrolytic  Corrosion  of  Iron  in  Soils  (69  pp.) 

Burton  McCollum  and  K.  H.  Logan 

26.  Earth  Resistance  and  Its  Relation  to  Electrolysis  of  Underground  Structures 

Burton  McCollum  and  K.  H.  Logan 

27.  Special  Studies  in  Electrolysis  Mitigation  (55  pp.) 

E.  B.  Rosa  and  Burton  McCollum 

28.  Methods  of  Making  Electrolysis  Surveys Burton  McCollum  and  G.  H.  Ahlborn 

29.  Variation  in  Results  of  Sieving  with  Standard  Cement  Sieves  ( 16  pp.) . 


/.  R.  Wig  and  J.  C.  Pearson 
V.." 


30.  The  Viscosity  of  Porcelain  Bodies  (9  pp) ? . .  A .  V.  Bleininger  and  Paul  Teetor 

31.  Some  Leadless  Boro-Silicate  Glazes  Maturing  at  about  11000  C  (21  pp.)  ... 

E.  T.  Montgomery 

32.  Special   Studies   in    Electrolysis   Mitigation,    No.    2.     Electrolysis   from 

Electric  Railway  Currents  and  Its  Prevention — Experimental  Test  on  a 

System  of  Insulated  Negative  Feeders  in  St.  Louis  (34  pp.) 

E.  B.  Rosa,  Burton  McCollum,  and  K.  H.  Logan 

33.  The  Determination  of  Carbon  in  Steels  and  Iron  by  the  Barium  Carbonate 

Titration  Method  (12  pp.) J.R.  Cain 

34.  Determination  of  Ammonia  in  Illuminating  Gas  (23  pp.) J.  D.  Edwards 

25.  Combustion  Method  for  the  Direct  Determination  of  Rubber  (n  pp.)  .L.  G.  Wesson 

[Continued  on  page  3  of  cover] 


DEPARTMENT    OF    COMMERCE 


Technologic  Papers 


OP  THE 


Bureau  of  Standards 

S.  W.  STRATTON,  Director 


No.  60 

MICROSTRUCTURE   OF  CHANGES  ACCOMPANYING 
THE  ANNEALING  OF  CAST  BRONZE 

(Cu88,  Sn  10,  Zn2) 

BY 

HENRY  S.  RAWDON,  Assistant  Physicist 
Bureau  of  Standards 


ISSUED  JANUARY  25,  1916 


WASHINGTON 

GOVERNMENT  PRINTING  OFFICE 

1916 


ADDITIONAL  COPIES 

OP  THIS  PUBLICATION  MAT  BE  PROCURED  FROM 

THE  SUPERINTENDENT  OF  DOCUMENTS 

GOVERNMENT  PRINTING  OFFICE 

WASHINGTON,  D.  C. 

AT 

10  CENTS  PER  COPY 


Bureau  of  Standards  I  echnologic  Paper  No.  60 


MICROSTRUCTURE  OF  CHANGES  ACCOMPANYING  THE 
ANNEALING  OF  CAST  BRONZE  (Cu88,  Sn  10,  Zn2) 


By  Henry  S.  Rawdon 


I.  Introduction. 


CONTENTS 

Page 
3 


II.  Aim  and  scope  of  the  work 4 

III.  Structure  of  the  alloy 5 

1.  Cast  condition 5 

2.  Annealed  state 7 

3 .  Transition  of  one  form  to  the  other 7 

IV.  Samples  used — Preparation  and  treatment 7 

1.  Chemical  composition 7 

2.  Preparation 8 

3.  Mechanical  treatment 8 

4.  Thermal  treatment 9 

V.  Results 10 

VI.  Discussion  of  results 13 

1 .  Increase  of  crystal  size 13 

2 .  Persistence  of  the  dendritic  structure 13 

3.  Absorption  of  the  eutectoid 14 

4.  Recrystallization  follows  only  distortion 15 

5.  Progress  of  recrystallization  upon  heating 15 

VII.  Summary 17 

I.  "introduction 

Most  of  the  questions  which  this  study  attempts  to  answer 
arose  in  connection  with  the  work  on  the  standard  specimens  of 
zinc  bronze  (Cu  88,  Sn  10,  Zn2),  described  in  Bureau  of  Stand- 
ards Technologic  Paper  No.  59.  The  samples  were  chosen  from 
the  series  prepared  in  that  investigation. 

The  physical  properties  of  cast  bronze  are  very  materially 
altered  by  heat  treatment,  this  modification  of  properties  being 
accompanied  by  decided  changes  in  the  microstructure  of  the 
metal.  These  structural  differences  are  especially  marked  if  the 
sample  has  been  subjected  to  mechanical  work  of  any  kind  pre- 
vious to  the  heat  treatment  (rolling,  hammering,  etc.).     Fig.  1, 
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a  and  b,  illustrates  this  change.  The  structural  changes  here 
noted  as  accompanying  the  annealing  after  distortion  may  be 
taken  as  typical  of  the  copper-rich  brasses  and  bronzes,  and  in 
general  of  most  alloys  in  which  copper  is  the  predominating 
constituent. 

II.  AIM  AND  SCOPE  OF  THE  WORK 

The  general  purpose  of  the  work  is  to  show  the  stages  through 
which  the  alloy  passes  in  going  from  structure  a  (Fig.  i)  to  that 
shown  by  b  of  the  same  figure,  and  the  conditions  necessary  for 
this  change.  While  it  is  quite  widely  understood  that  condition 
b  is  the  result  of  annealing,  following  distortion  of  the  original 
structure,  the  opinion  is  by  no  means  general  that  this  is  always 
true.  Inasmuch  as  the  common  commercial  use  of  annealing,  in 
the  application  to  brass  or  bronze,  is  to  relieve  the  internal  stresses 
of  material  which  has  been  mechanically  "cold  worked"  in  some 
way,  the  resulting  change  of  structure  is  often,  though  errone- 
ously, regarded  as  an  effect  of  annealing,  pure  and  simple.  By 
some  this  change  of  microstructure  is  seemingly  regarded  in  the 
same  light  as  the  grain  refining  of  steel. 

Instances  are  found  in  the  literature  on  this  subject  of  the 
recrystallized  state  resulting  directly  from  the  cast  condition  upon 
annealing  without  the  intermediary  of  the  preliminary  distortion 
of  structure.1  One  of  the  main  objects  of  this  work  is  to  see  if 
such  be  true  for  this  bronze — i.  e.,  whether  a  condition  resembling, 
in  the  effect  produced,  a  "cold  working"  of  the  alloy  can  be 
brought  about  by  very  unusual  methods  of  cooling.  In  speaking 
on  this  subject  Portevin  suggests  that  such  may  be  the  case.  As 
the  alloy  in  question  is  a  complex  one,  ordinarily  consisting  of 
two  phases  in  the  cast  condition  and  with  a  transformation  of 
one  of  the  phases  involving  a  volume  change,  it  appears  that 
Portevin's  suggestion  may  be  the  correct  answer  to  the  question. 
The  temperatures  at  which  the  different  structural  changes  are 
completed,  together  with  the  period  of  heating  required  at  these 
temperatures,  are  also  carefully  noted. 

No  attempt  is  made  to  test  out  any  of  the  various  theories  as  to 
the  exact  nature  of  this  process  of  recrystallization,  although  the 

1  Portevin,  Rev.  de  M<5t.,  6,  p.  713;  1913.    Several  instances  of  such  observations  are  summarized  here. 
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results  obtained  appear  to  substantiate  materially  one  of  the  two 
main  theories  on  this  subject.  In  short,  answers  to  the  following 
questions  were  sought :  Is  distortion  of  the  crystalline  structure  a 
necessary  condition  for  recrystallization  ?  Can  such  distortion 
be  approximated  by  any  unusual  methods  of  cooling?  What 
changes  other  than  "recrystallization"  accompany  annealing  and 
at  what  temperatures  are  they  completed  ? 

III.  STRUCTURE  OF  THE  ALLOY 
1.  CAST   CONDITION 

The  microstructure  of  the  metal  upon  solidifying  after  casting 
is  shown  in  Fig.  la.  The  metal  is  composed  essentially  of  a  matrix 
consisting  of  a  solid  solution,  a,  of  tin  in  copper  (disregarding  the 
zinc,  which  does  not  cause  any  pronounced  structural  change)  in 
which  are  embedded  inclusions  of  a  eutectoid  consisting  of  this  same 
a  solution  and  another  one,  5,  which  is  hard  and  brittle.  The 
formation  of  the  cored  structure  of  the  a  matrix  which  is  char- 
acteristic of  solid  solutions,  will  be  made  clear  by  reference  to 
Fig.  2,  which  shows  a  portion  of  the  equilibrium  diagram  of  copper 
and  tin. 

Upon  cooling,  the  bronze  under  consideration  solidifies  gradually 
through  the  range  of  temperature  represented.  The  solidification 
is  a  case  of  selective  freezing ;  that  portion  separating  out  first  as  a 
solid  is  richer  in  copper  than  the  surrounding  melt  and  may  be 
represented  in  composition,  approximately,  by  the  point  m' . 
The  process  of  solidification  begins  simultaneously  throughout  the 
mass  of  the  metal  at  many  points.  The  subsequent  successive 
additions  of  solid  material  to  the  nuclei  thus  formed  wil?.  be  lower 
in  copper  than  the  nucleus  and  may  be  represented  in  composition 
by  successive  points  on  the  line  m  to  a. 

It  has  been  found  by  observation  that  it  is  characteristic  of  solid 
solutions  of  metals  for  the  crystals  to  grow  faster  in  certain  direc- 
tions than  in  others  during  the  process  of  solidification,  thus  fingers 
or  branched  forms  result  rather  than  geometrically  symmetrical 
shapes.  At  7900  C,  approximately,  the  alloy  consists  of  crystals, 
each  of  which  is  an  entangled  treelike  structure  with  a  liquid 
portion,  rich  in  tin,  filling  the  crevices  between  the  branches.     At 
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7900  this  liquid  portion  (B  Fig.  2)  reacts  chemically  with  some 
of  the  adjacent  solid  to  form  a  solid  solution  (b)  of  copper  rich  in 
tin.  This  second  constituent  is  termed  the  0  solution.  On 
further  cooling,  this  (3  constituent  breaks  up  into  a  eutectoid  of  the 
a  and  5  solutions  of  copper  and  tin  at  5oo°C.     The  name  "bronz- 

ite"  has  been  sug- 
gested for  this  eutec- 
toid. The  changes  in 
composition,  due  to 
diffusion  during  cool- 
ing, may  be  disre- 
garded here  and  in 
cast  alloys  in  general. 
The  bronze,  then, 
after  casting,  consists 
of  grains,  or  crystals, 
relatively  large  in  size, 
i.  e.,  large  enough  to 
render  them  plainly 
visible  to  the  unaided 
eye.  The  size  of  such 
crystals  will  depend 
upon  the  rate  at  which 
the  alloy  cooled  during 
the  solidification,  the 
freedom  from  mechan- 
ical disturbances,  etc. 
Each  grain  has  a  com- 
plex structure  and 
consists  of  a  treelike 
framework  of  a  solid 
solution  of  copper  and 
tin,  the  branches  of  which  are  not  uniform  in  composition  but  have 
a  core  rich  in  copper.  These  branches  intersect  during  the  growth 
of  the  crystal  and  form  a  tangled  mass  with  tiny  crevices  in  the 
angles  between  the  branches  which  are  filled  with  a  second  metal- 
lographic  constituent — a  eutectoid  comparable  to  the  constituent, 
pearlite,  in  steel. 
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Fig.  2 
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2.  ANNEALED  STATE 

In  its  annealed  state,  represented  by  b,  Fig.  1 ,  the  alloy  consists 
of  crystals  generally  much  smaller  than  before.  The  large  macro- 
scopic grains  have  disappeared,  as  has  also  their  interior  dendritic 
structure  with  the  accompanying  eutectoid  inclusions.  The 
crystals  are  not  only  smaller,  but  are  polyhedral  forms  quite  char- 
acteristic of  this  condition.  "Twinned"  crystals  are  also  common, 
as  is  illustrated  in  b,  Fig.  1 .  The  grains  or  crystals  are  now  very 
homogeneous  in  structure  throughout  and  consist  of  the  a,  or  solid 
solution  of  copper  and  tin  richest  in  copper.  It  may  be  noted,  also, 
in  passing  that  inclusions,  such  as  stannic  oxide,  are  unchanged 
in  amount  or  distribution  by  the  annealing  process. 

3.  TRANSITION  OF  ONE  FORM  TO  THE  OTHER 

Guillet 2  has  suggested  a  method  for  converting  a  ternary  alloy 
into  a  pseudo-binary  one  for  purposes  of  discussion  and  compari- 
son. In  the  case  of  the  alloy  under  discussion  (Cu  88,  Sn  10, 
Zn  2)  the  method  shows  that  the  alloy  may  be  considered  for 
all  practical  purposes  as  one  with  a  tin  content  of  approximately 
11  per  cent.  Reference  to  the  copper-tin  equilibrium  diagram 
(Fig.  2)  shows  that  such  an  alloy  should  consist  of  but  one  phase, 
the  a  solution.  As  Portevin  3  has  pointed  out,  the  first  step  in 
the  annealing  process  is  to  bring  the  alloy  into  the  condition  of 
"physico-chemical  equilibrium,"  as  shown  by  the  equilibrium 
diagram.  The  second  or  tin-rich  phase  will  disappear  by  being 
absorbed  by  the  a  solution;  the  heterogeneity  of  the  a  solution 
will  disappear  by  diffusion.  To  produce  the  condition  of  "crys- 
talline equilibrium"  4  shown  in  b,  Fig.  1,  the  large  crystals  must 
be  subdivided,  reoriented,  and  rearranged.  The  main,  point  of 
this  study  is  to  show  the  conditions  under  which  this  crystalline 
equilibrium  results. 

IV.  SAMPLES  USED— PREPARATION  AND  TREATMENT 
1.  CHEMICAL  COMPOSITION 

The  material  used  was  chosen  at  random  from  broken  test 
bars  used  in  the  investigation  of  the  properties  of  the  standard 

2  L.  Guillet,  Rev.  de  Metal,  3,  p.  243;  1906,  or  C.  H.  Desch,  Metallography,  p.  191. 
8  Portevin,  Rev.  de  Metal,  6,  p.  677;  1913. 
4  Portevin,  loc.  cit. 
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zinc  bronze.     The  chemical  analysis  of  a  casting  made  by  melting 
about  25  broken  test  bars  gave  the  following  results: 

Per  cent. 
Copper • 88.  2 

Tin 9-5 

Zinc  (by  difference) 2.3 

Iron Trace. 

Lead Not  detected. 

2.  PREPARATION 

Iri  order  to  answer  the  questions  set  forth  in  Section  II,  the 
thermal  treatment  during  preparation  was  made  such  as  to 
include  all  possible  cases  arising  in  practice.  The  following 
series  were  prepared: 

1 .  Hexagonal  bars,  1  inch  on  a  face,  cast  in  green  sand. 

2.  Small  crucible  melts,  approximating  25  grams  in  weight. 
One  set  of  these  was  quenched  at  7000  C,  i.  e.,  shortly  after  solidi- 
fying, so  as  to  retain  the  j8  constituent;  another  set  was  allowed 
to  cool  rather  rapidly  in  the  air  from  the  same  temperature;  and 
a  third  one  was  permitted  to  cool  very  slowly  and  uniformly  in 
the  furnace. 

3.  Small  crucible  melts  (25  grams)  quenched  while  in  the 
molten  condition,  at  12000  C,  by  dropping  the  crucible  and 
contents  into  cold  water. 

3.  MECHANICAL  TREATMENT 

The  samples  received  a  certain  amount  of  "cold  work"  either 
by  being  turned  down  in  the  lathe  to  a  desired  diameter  or  by 
drilling  a  central  hole  in  the  sample.  Some  specimens  received 
both  treatments.  In  this  way  only  the  surface  layer  of  metal  is 
distorted  and  the  greater  portion  may  be  used  for  comparison 
after  annealing.  In  the  first  series,  although  the  amount  of 
work  each  sample  received  was  approximately  the  same,  no 
special  effort  was  made  to  make  this  so.  The  final  series  (2  b, 
below)  was  carefully  prepared  from  samples  which  had  cooled 
very  slowly  in  the  furnace.  All  samples  which  were  to  be  annealed 
at  the  same  temperature  were  cut  from  one  specimen  to  insure 
identical  structural  conditions  in  each  and  were  then  copper 
plated  so  as  to  prevent  loss  by  oxidation  during  the  heating. 
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These  series  were  treated  as  follows: 

Series  i. — One-inch  hexagonal  sand  casting,  turned  down  to  a 
three-fourths  inch  cylinder. 

Series  2,  a. — Cylinders  fifteen-sixteenths  inch  diameter  (25-gram 
melts) ,  cooled  at  various  rates  upon  casting,  as  indicated  above, 
turned  down  to  three-eighths  inch  diameter. 

Series  2,  b. — Some  of  the  furnace-cooled  specimens  of  No.  2 
above  were  used.  The  cylinders  of  fifteen-sixteenths  inch  diame- 
ter were  turned  down  to  a  diameter  of  three-eighths  inch,  the 
depth  of  the  lathe  cut  being  the  same  in  each  case.  Samples  for 
annealing  at  the  same  temperature  (4000,  6oo°,  and  8oo°  C, 
respectively)  were  cut  from  the  same  cylinder.  All  samples  were 
copper-plated  to  prevent  surface  oxidation. 5 

Series  3. — Melts  quenched  directlv  from  the  molten  state,  no 
work  being  done  on  them. 

4.  THERMAL  TREATMENT 

The  samples  were  heated  in  a  platinum  resistance  furnace 
which,  because  of  its  excellent  insulation  could  be  easily  main- 
tained at  any  desired  temperature,  which  was  measured  by  means 
of  a  thermocouple  and  potentiometer.  The  annealing  temperatures 
decided  upon  were  4000,  6oo°,  and  8oo°  C,  as  the  temperatures 
used  ordinarily  in  a  commercial  way  fall  well  within  this  range; 
8oo°  C  was  decided  upon  as  the  upper  limit,  as  this  temperature 
is  very  close  to  the  beginning  of  the  melting  zone  for  this  alloy, 
and  it  was  desired  not  to  complicate  the  annealing  process  by  the 
introduction  of  incipient  fusion  of  the  metal.  The  samples  were 
held  at  each  of  these  temperatures  for  periods  of  one,  two,  four, 
and  eight  hours.  If  the  process  of  recrystallization  is  a  progres- 
sive one  from  the  exterior  in,  the  thickness  of  the  recrystallized 
layer  should  be  proportional  to  the  time  of  annealing,  and  thus 
be  easily  measured. 

5  This  plating  the  samples  with  some  metal  such  as  copper  renders  it  easy  to  heat  small  metallographic 
specimens — e.  g.,  steel — without  fear  of  oxidation  or  decarburization  and  without  the  use  of  a  vacuum 
furnace.  This  is  valuable  in  case  the  sample  is  to  be  examined  up  to  the  extreme  surface.  It  also  permits 
the  use  of  very  small  specimens. 

53035°— 16 2 
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V.  RESULTS 

The  results  of  the  observations  are  tabulated  in  the  following 

four  tables : 

TABLE   1 

Series  1 

[This  series  may  be  considered  as  typical  of  this  bronze  as  prepared  in  commercial  foundry  practice.  Due 
to  surface  oxidation,  the  measured  thicknesses  do  not  represent  the  true  depth  to  which  the  metal  was 
affected,    Average  weight  of  sample,  20  grams.] 


Speci- 
men o 

Thermal  treatment 

Thickness 
of  "re- 
crystallized  " 
layer  & 

Amount  of 
eutectoid  <• 

Dendritic  structure 

B    1 
B   2 

1  hour  at  400°  C 

mm 

0.056 
.076 
.088 

None 
.07 

<*85 

d82 

d85.5 

d83.0 

<J76.5 

Do. 

B   3 
B   4 

Do. 

Do. 

B   6 

The  outlines  of  the  cores  are  indistinct; 

diffusion  has  begun. 

.072 

1  hour  at  600°  C 

41.5 
19.0 
12 

6.5 

B   7 

.161 
.181 
.163 

.183 

Very  evident. 

B   8 

Do. 

B   9 

4  hours  at  600°  C 

Cores  are  quite  faint  and  not  continu- 

BIO 

ous. 
Do. 

.172 

4.0 

0.4 

0.0 
0.0 

Bll  < 
B  12  « 

.34 

.33 

.34 
.37 
.347 

Dendrites  are  found  in  some  grains, 

and  are  quite  plainly  seen  in  oblique 
illumination./ 
Very  faint  trace  of  cores  under  oblique 

B  13  « 

illumination. 
All  dendritic  structure  is  erased. 

B  14  < 

4  hours  at  800°  C 

«  In  the  mechanical  treatment  two  hexagonal  bars,  i  inch  face,  were  cast  in  green  sand.  These  were 
turned  down  to  three-fourths  inch  diameter  and  cut  into  sections  three-fourths  inch  long. 

6  The  thickness  of  the  recrystallized  layer  in  all  cases  was  directly  measured  by  means  of  a  micrometer 
ocular. 

e  To  obtain  an  approximately  quantitative  expression  of  the  rate  of  absorption  of  the  eutectoid,  the 
number  of  inclusions  in  the  successive  microscope  fields  taken  contiguously  along  a  diameter  of  the 
sample  (magnification  100X)  was  counted  and  an  average  made.  On  account  of  the  difference  in  size  of 
the  particles  this  method  is  a  rough  approximation  only. 

<*  The  eutectoid  was  found  shattered  to  a  depth  of  o.io  mm  in  specimen  B  i,  0.113  mm  in  specimen  B  2 
and  0.15  mm  in  specimen  B  3,  or  an  average  for  the  three  specimens  of  0.121  mm. 

«  These  samples  were  slowly  heated  for  two  hours  until  8oo°  was  reached,  then  held  for  the  time  indicated. 

/  When  the  dendritic  structure  appears  to  have  disappeared  entirely,  upon  examination  under  vertical 
illumination,  with  oblique  illumination  it  is  still  to  be  seen. 
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TABLE  2 
Series  2a 

{This  series  Is  to  illustrate  the  effect  of  annealing  upon  samples  cooled  at  different  rates  during  the  prepa- 
ration; all  the  samples  were  heated  to  800°  C  upon  annealing.    Average  weight  of  sample  7  grams.] 


Speci- 
men a. 

Preparation 

Mechani- 
cal treat- 
ment t> 

Thermal  treatment 

Thickness  of 

"  recrystallized !* 
layer  c 

Amount 

of  eutec- 

toidd 

B29 

Crucible  melt,  cooled  in 

furnace 
do 

|o  and  D . . 
D 

1  hour  at  800°  C 

mm 

f        Outer  0.  34 

1       Inner     .31 

Inner     .  33 

Outer    .  31 

None  observed 
Inner     ,  37 

None  observed 
Outer    .  37 

None  observed 

None  observed 

f        Outer    .  34 

1       Inner    .  32 

Outer    .  37 

Inner     .  38 

f        Outer    .  35 
1       Inner    .  42 
None  observed 

f    18  5 

B31 

2  hours  at  800°  C 

do 

12.6 

B40 

Crucible  melt,  cooled  in 

air 
do 

O 

B41 

None 

do 

B44 

Quenched  at  700°  C 

do 

D 

do 

B48 

do.   . 

17.0 

B  32 

Crucible  melt,  cooled  in 

furnace 
Crucible  melt,  cooled  in 

air 
Crucible  melt,  cooled  in 

furnace 

do 

O 

4  hours  at  800°  C 

8  hours  at  800°  C 

do 

B43 

B38 

None 

None 

1.0 
2  5 

B30 

O  and  D . . 

do 

B33 

do 

O 

do 

7  6 

B39 

Crucible  melt,  cooled  in 
air 

Quenched  at  700°  C 

do 

D 

do 

0  0 

B45 

O  and  D . . 

do 

I     in 

B47 

do... 

I 

0  0 

°  No  recrystallization  or  "twinning"  was  observed  except  in  samples  which  were  mechanically  worked 
before  annealing. 

6  " O "  indicates  that  the  outer  portion  of  the  specimen  was  turned  off ;  "D"  indicates  that  the  central 
portion  was  drilled  out. 

c  "Outer"  refers  to  the  layer  of  recrystallized  material  on  the  surface  of  the  cylinder;  "inner"  to  that 
surrounding  the  hole  drilled  in  the  specimen. 

d  See  note  c,  series  i. 
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TABLE  3 

Series  2b 


Speci- 
men a 


B35-I 
B35-2 
B35-3 


B36-1 
B36-2 
B36-3 
B36-4 


Thermal  treatment 


2  hours  at  400°  C. 
4  hours  at  400°  C. 
8V3  hours  at  400°  C 

Average 

2  hours  at  600°  C. 
4  hours  at  600°  C. 
6  hours  at  600°  C. 
8V2  hours  at  600°  C 

Average 


Thickness 
of  outer 
layer  of 

recrystalli- 
zation  b 


mm 

c0. 067 

c.075 

c.068 


.07 


.131 
.131 
.164 
.144 


142 


Speci- 
men a 


B34-1 
B37-1 
B37-2 
B37-3 
B37-4 


B34-2 


Thermal  treatment 


8y2  hours  at  600°  C 

1  hour  at  800°  C... 

2  hours  at  800°  C. 
4  hours  at  800°  C. 
8  hours  at  800°  C  <* 

Average 

8  hours  at  800°  C. 


Thickness 
of  outer 
layer  of 

recrystalli- 
zation  b 


mm 
None 
0.187 
.231 
.279 
.260 


.24 


None 


"  In  the  mechanical  treatment,  samples  35,  36,  and  37  were  turned  down  from  fifteen  thirty-seconds  inch 
to  three-eights  inch.  Two  lathe  cuts,  with  a  fine  finishing  cut,  were  taken  in  each  case.  No.  34  was  "  un- 
worked." 

b  The  measured  thickness  of  the  recrystallized  layer  is  very  probably  the  true  thickness,  as  there  was  no 
surface  oxidation  as  in  series  1  and  3. 

c  Shattered  eutectoid  was  detected  to  a  depth  of  0.087  mm  in  specimen  B  35-1,  0.104  mm  in  specimen 
B  35-2,  and  0.08  mm  in  specimen  B  35-3,  or  an  average  of  0.09  mm  for  the  three  specimens. 

<*  Because  of  variation  in  the  heating  current,  the  temperature  rose  to  840°  during  this  interval 


TABLE  4 
Series  3 

The  samples  were  quenched,  while  in  the  molten  state  from  1200°  C,  in  cold  water.    No  mechanical  work 
of  any  kind  was  done  upon  them.] 


Specimen 

Thermal  treatment 

Amount  of  eutectoid  a 

"Grain  size"  b  per 
square  centimeter 

Twinned  crystals  e 

B  27 
B  28 
B  26 

2  hours  at  800°  C 

4  hours  at  800°  C 

8  hours  at  800°  C 

2.4 
0.0 
0.0 

1835 

2500 
198 

3.2 
18.0 
1.0 

o  See  note  d,  series  1. 

b  The  difference  in  "  grain  count ' '  for  Nos.  27  and  28  is  most  probably  to  be  accounted  for  by  a  difference 
in  severity  of  quenching.  As  the  crucible  and  contents  were  thrown  into  water  in  each  case,  the  rate  of 
cooling  of  the  metal  was  undoubtedly  affected  somewhat  by  the  crucible. 

c  The  average  number  of  twinned  crystals  were  obtained  in  a  manner  similar  to  that  used  for  expressing 
the  amount  of  eutectoid.     (See  note  d,  series  1.) 
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o,  B-29,  series  2a,  heated  one  hour  al;  8oo°  C; 
SX.  The  reerystallized  layer  shows  just  be- 
neath the  protective  copper  coating  on  the 
surface  and  lining  the  central  hole 


b,  B  35-3,  series  2b,  heated  eight  hours  at  4000  C; 
100X 


c,  B  36-1,  series  2b,  heated  two  hours  at  600°  C;  100X 


d,  B  37-4,  series 2b,  heated  eight  hoursat  Soo"  C;  100X 


Fig.  3. — Samples  annealed  after  the  surface  layer  was  distorted  by  machining.  The  cold- 
working  of  the  surface  layer  is  practically  the  same  in  b,  c,  and  d,  since  the  same  depth 
of  lathe  cut  was  used  for  each;  all  are  etched  with  ferric  chloride 
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VI.  DISCUSSION  OF  RESULTS 
1.  INCREASE  OF  CRYSTAL  SIZE 

It  is  impossible  to  make  any  direct  measurements  of  the  crys- 
tals dining  the  process  of  annealing,  inasmuch  as  such  measure- 
ments necessitate  the  preparation  of  a  polished  plane  surface  for 
observation.  The  sawing,  grinding,  and  polishing  required  in 
preparing  this  surface  will  be  sufficient  disturbance  as  to  cause  a 
recrystallization  of  the  surface  metal  during  the  subsequent 
annealing.  Primrose  6  reports  an  increase  in  crystal  size  upon 
heating  this  bronze  to  5000  C,  but  gives  no  substantiating  evi- 
dence. Portevin,7  by  observing  the  relation  of  the  boundary  of 
the  crystals  to  the  interior  dendritic  structure  in  cast  and  annealed 
metals,  thought  he  found  evidence  of  a  change  in  the  crystal  size. 
Robin,8  by  observing  directly  the  crystals  of  metals  which  had 
been  cast  upon  plane  surfaces  in  order  to  obtain  a  flat  surface  for 
observation  and  then  held  at  temperatures  20  to  300  below  the 
melting  point  for  two  to  three  hours,  was  unable  to  detect  any 
measurable  increase  in  the  size  of  the  crystal. 

The  interior  undistorted  portions  of  the  samples  examined 
were  carefully  noted  for  any  increase  of  crystal  size.  Several 
"unworked"  samples  in  series  2  a  (Nos.  41,  48,  43,  38,  and  47), 
which  represent  the  various  methods  of  cooling,  were  included  pri- 
marily to  test  Portevin 's  statement  by  making  use  of  his  method 
of  observation.  No  results  suggesting  any  growth  of  crystals  were 
obtained.  In  the  specimens  which  were  quenched  from  the 
liquid  condition,  however,  a  very  noticeable  crystal  growth  took 
place.  (See  Fig.  4,  c  and  d.)  This  is  to  be  attributed,  however, 
to  the  internal  stresses  existing  in  these  samples  as  a  result  of  the 
severe  quenching  received.  Such  strained  material  behaves  the 
same  upon  annealing  as  if  it  had  been  severely  distorted  by 
mechanical  means. 

2.  PERSISTENCE  OF  THE  DENDRITIC  STRUCTURE 

The  process  of  diffusion,  by  which  the  interior  dendritic  pattern 
of  the  crystals  is  erased  and  the  metal  rendered  homogeneous,  is 
a  relatively  slow  one.     Portevin  9  reports  this  inhomogeneity  to 

6  Jour.  Inst.  Metals,  1913,  IX,  No.  1,  p.  162.  8  Rev.  de  Metal,  7, 1914,  p.  494. 

T  Rev.  de  Metal,  6, 1913,  p.  699.  °  Rev.  de  M^tal,  6, 1913,  p.  68a 
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to  disappear  in  bronze  (Cu  0.95)  after  three  hours  annealing  at 
8oo°.  The  results  tabulated  in  series  1  show  this  alloy  to  be 
very  similar  in  its  behavior.  After  eight  hours  at  6oo°  the  struc- 
ture is  still  plainly  visible  (Fig.  5,6);  and  when  held  at  8oo°,  fol- 
lowing a  slow  heating  up  to  this  temperature,  only  a  few  degrees 
below  the  lower  limit  of  the  melting  range,  two  hours  are  required 
for  rendering  the  structure  completely  homogeneous.  It  was 
noticed  that  after  the  dendritic  pattern  had  seemingly  disap- 
peared, as  seen  under  vertical  illumination,  it  was  still  visible  in 
oblique  light  when  the  specimen  was  deeply  etched  with  ammo- 
nium hydroxide  and  hydrogen  peroxide.  The  fact  that  the  /3 
phase  is  being  absorbed  at  the  same  time  may  account  for  the 
slowness  of  diffusion.  Fig.  5,  b  and  c,  illustrates  this  persistence 
of  the  dendritic  structure  after  prolonged  annealing. 

In  some  of  the  crystals  the  dendritic  framework  appears  to  be 
much  more  resistant  than  in  others.  This,  however,  in  only 
apparent.  The  primary  axis  or  trunk  of  the  "pine-tree  crystal" 
will  naturally  vary  more  in  structure  from  the  remainder  of  the 
crystal  than  do  the  secondary  or  tertiary  branches,  and  so  survive 
the  diffusion  process  longest.  Consequently,  if  the  section  of  the 
grain  happens  to  show  a  longitudinal  section  of  this  central  branch, 
the  persistence  of  this  core  upon  heating  will  be  much  more  evi- 
dent than  if  the  section  of  the  grain  shows  a  cross-sectional  view 
of  the  same  core.  Grains,  therefore,  which  show  this  longitudinal 
view  of  the  "tree"  have  the  appearance  of  being  more  resistant 
to  diffusion  than  others.  Fig  5,  b,  shows  crystals  illustrating  this 
point. 

The  crystals,  characteristic  of  the  annealed  state,  appear  long 
before  the  dendritic  structure  has  disappeared.  This  implies  that 
if  the  metal  is  finally  perfectly  homogeneous — i.  e.,  adjoining  crys- 
tals are  of  the  same  composition  and  structure — there  must  be  a 
mutual  transfer  of  material  across  the  crystal  boundaries  during 

diffusion. 

3.  ABSORPTION  OF  THE  EUTECTOID 

The  rate  at  which  the  eutectoid  disappears  upon  heating 
depends  much  upon  how  the  cast  sample  was  cooled.  In  those 
specimens  which  passed  through  the  solidification  zone  very 
slowly  and  undisturbedly  (series  2d)  the  5  phase  is  dissolved  much 
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a.  Specimen  B-46,  series  2a,  quenched  just  after 
solidifying,  to  preserve  the  /3  structure;  100X 


b,  Specimen  B-25,  quenched  from  the  molten 
state;  100X 


c,  B-2S,  same  as  6,  heated  four  hours  at  8oo°  C; 
100X 


d,  B-26,  same  as  b,  heated  eight  hours  at  Soo°C; 
100X 


Fig.  4 
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more  slowly  than  in  those  which  were  cast  in  sand,  and  thus 
passed  through  the  zone  of  solidification  more  rapidly  (series  1). 
The  difference  is,  most  probably,  largely  due  to  the  size  of  the 
eutectoid  inclusions  which  result. 

Heating  at  400  °  for  eight  hours  has  but  little  effect  upon  the 
absorption,  as  is  illustrated  by  series  1.  Not  until  the  a  phase 
becomes  fairly  plastic  is  the  solution  of  the  8  phase  by  the  a 
matrix  rapid.  One  hour  at  8oo°  or  six  hours  at  6oo°  is  sufficient 
for  practically  all  of  the  eutectoid  to  disappear  in  those  samples 
which  did  not  solidify  so  very  slowly  (series  1).  In  series  2  a 
four  hours  heating  at  8oo°  was  required  for  the  disappearance  of 
this  constituent.  Fig.  5,  d,  shows  the  characteristic  rounded  forms 
the  eutectoid  assumes  as  part  of  it  passes  into  solution ;  the  sharp 
angular  projections  disappear  first  and  the  particles  assume  a 
spherical  shape. 

4.  RECRYSTALLIZATION  FOLLOWS  ONLY  DISTORTION 

The  observations  on  all  the  series  warrant  the  conclusion  that 
only  after  distortion  is  there  any  subsequent  recrystallization  of 
the  metal  upon  annealing.  That  metal  which  is  severely  strained 
internally  as  the  result  of  the  rate  of  cooling  behaves  similarly  to 
that  which  is  mechanically  distorted  is  made  evident  by  the 
annealed  structure  of  the  samples  of  series  3.  The  number  of 
"twinned"  crystals  is  not  as  large  as  might  be  expected,  how- 
ever. In  none  of  the  other  cases  illustrating  rapid  cooling  after 
solidification  was  any  indication  of  a  "recrystallization"  of  the 
metal  found.  The  structure  of  the  alloy  immediately  after 
quenching  from  the  molten  condition  is  of  interest  in  showing 
that  even  with  this  rapid  rate  of  cooling  the  dendritic  structure 
is  partially  developed.  Fig.  4,  b,  illustrates  this  and  Fig.  4, 
c,  and  d,  the  structure  resulting  after  annealing  such  quenched 
samples. 

5.  PROGRESS  OF  RECRYSTALLIZATION  UPON  HEATING 

The  uniformity  of  thickness  of  the  recrystallized  layer  of 
samples  heated  to  the  same  temperature  is  very  striking.  So  far 
as  the  measurements  taken  indicate  there  is  but  little,  if  any, 
increase  in  thickness  with  prolonged  annealing.     The  process  is 
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not  a  progressive  one  from  the  exterior  inward,  but  starts  simul- 
taneously throughout  the  layer,  which  is  capable  of  being  affected 
at  that  temperature.  As  the  length  of  time  of  holding  at  a  given 
temperature  is  increased  the  crystals  grow  in  size,  but  the  thick- 
ness of  the  layer,  so  far  as  can  be  seen,  remains  practically 
unchanged. ' 

These  observations  are  in  accordance  with  and  support  of 
Tammann's  theory  of  recrystallization  of  "  cold- worked  "  metals.10 
Briefly,  this  theory  may  be  thus  summarized.  After  distortion 
the  metal  is  in  a  state  of  unstable  equilibrium.  A  force,  analo- 
gous to  surface  tension  in  the  gliding  planes  of  the  lamellae  into 
which  the  crystals  have  been  distorted,  is  resisted  by  the  "  strength 
of  the  crystals,"  i.  e.,  their  resistance  to  change  of  form.  Upon 
heating,  a  state  of  equilibrium  results;  the  "surface  tension,"  if 
it  predominates,  causes  the  crystal  fragments  to  agglomerate, 
and  thus  the  crystals  grow  in  size  until  the  two  forces  are  balanced. 
Thus,  for  any  given  temperature,  the  final  grain  or  crystal  size  is 
a  determined  one.  All  of  the  observations  and  measurements 
made  upon  the  thickness  of  the  recrystallized  layers  are  in  sup- 
port of  this  hypothesis. 

The  influence  of  temperature  is  also  illustrated  by  this  series  of 
measurements.  Up  to  4000  only  the  most  severely  worked  metal 
is  able  to  rearrange  itself,  and  thus  "recrystallize."  When  the 
distortion  is  very  great,  the  brittle  5  constituent  of  the  eutectoid 
is  shattered.  Fig.  5,  a,  shows  this  behavior  of  the  eutectoid.  The 
observations  of  specimens  annealed  at  4000,  given  in  series  1  and 
2  b,  show  that  the  thickness  of  the  outer  recrystallized  layer  is 
well  within  the  limit  to  which  the  eutectoid  is  broken  up,  and 
therefore  within  the  limit  of  high  distortion.  The  inner  boundary 
of  the  layer  of  recrystallized  metal,  for  4000  and  6oo°,  is  sharp 
and  definite.  At  8oo°  this  is  not  so  marked ;  in  this  case  in  making 
the  measurements  the  maximum  depth  was  chosen. 

Fig.  3  (a,  b,  c,  and  d)  shows  the  appearance  of  this  outer  layer 
of  recrystallization. 

"Tammann,  Lehrbuch  der  Metallographie,  pp.  74-84. 
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a   Bronze  showing  the  behavior  of  the  constituents 
'     under  stress,  -which  was  applied  perpendicular 
to  the  black  lines  (cracks)  in  the  white  constit- 
uent or  eutectoid;  100X 


b,  B-io,  series  i,  heated  eight  hours  at  6oo°  C;  100X 


c,  B-12,  series  i,  heated  two  hours  at  800°  C, 
obliquely  illuminated;  3X 


d,  B-40,  series  2a,  heated  two  hours  at  Soo"  C;  100X 


Fig.  5 


Micro  structure  of  Cast  Bronze  1 7 

VII.  SUMMARY 

1.  The  metal,  upon  annealing,  is  first  brought  into  "physico- 
chemical  equilibrium."  The  dendritic  structure  persists  until 
heated  for  approximately  two  hours  at  8oo°.  The  absorption  of 
the  eutectoid  depends  much  on  how  the  cast  sample  cooled  while 
solidifying;  four  hours'  heating  at  8oo°  is  required  for  its  disappear- 
ance in  those  samples  which  solidified  very  slowly. 

2.  No  evidence  was  found  suggesting  a  change  of  crystal  size 
of  cast  samples  which  had  not  been  distorted  in  any  way. 

3.  Recrystallization,  including  "twinning,"  was  found  only  to 
follow  distortion  or  its  equivalent;  metal  cooled  suddenly  from 
the  molten  state  behaves  similarly  because  of  the  high  internal 
stresses  resulting.  "Chilled"  castings  may  be  expected  to  act  in 
a  like  manner  upon  annealing. 

4.  The  progress  of  recrystallization  upon  annealing  for  differ- 
ent periods  of  time  at  the  same  temperature  is  in  agreement  with 
Tammann's  theory  of  recrystallization. 

5.  Aside  from  the  crystal  size  and  shape  and  the  modification 
introduced  by  "  twinning,"  the  end  condition  of  material  annealed 
directly  after  casting  and  that  annealed  after  a  preliminary  dis- 
tortion of  the  crystalline  structure  is  the  same  in  the  two  cases. 

To  C.  P.  Karr,  of  this  Bureau,  thanks  are  due  for  the  material 
which  was  used  in  this  study.  The  chemical  analyses  were  made 
by  A.  B.  Lort.  Arthur  McCabe,  by  the  skillful  and  efficient  aid 
given  in  the  preparation  of  the  many  specimens  required  for  the 
microscopic  observations,  has  rendered  the  work  very  much  less 
onerous  and  burdensome  than  it  otherwise  would  have  been. 

Washington,  July  21,  1915. 
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